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Abstract of a thesis submitted in partial fulfilment of the 
requirements for the Degree of Doctor of Philosophy 
 
Stability enhancement of thermophilic anaerobic digesters treating 
municipal sewage sludge 
by 
Rupinder Singh Brar 
Stability of anaeobic digesters is important for efficient and effective treatment of 
sludge generated in wastewater treatment plants. One of the factors governing the process 
stability of anaerobic digesters is the balance between the microbial groups involved in the 
digestion process, particularly between acid producers (bacteria) and acid consumers 
(archaea). It has been frequently observed that changes in the environmental conditions or 
feed composition disturb the balance between acid producing bacteria and acid consuming 
methanogenic archaea causing accumulation of intermediate products which leads to digester 
failure. Maintaining the balance between the microbial communities is even more challenging 
at thermophilic temperatures possibly due to the lower microbial diversity reported at higher 
temperatures. 
Studies on many macro-organisms in large scale ecosystems and a few on microbial 
ecosystems suggest that highly diverse ecosystems are more resilient towards disturbances 
and hence are functionally more stable. In the current study, it was hypothesized that 
increasing the microbial diversity in thermophilic anaerobic digesters (TADs) will make the 
digesters more resilient towards sudden changes in the feed composition and hence increases 
the process stability of the digesters.  
Two different approaches were adopted to increase the microbial diversity in the 
TADs. In the first approach diversity was increased at the micro-organism level i.e. increasing 
the species diversity of the methanogens. Three different methods were used to increase the 
diversity of methanogens such as using inocula from range of environments, changing the 
method of mixing and using support media in the digesters. In the second approach microbial 
diversity was increased at the functional group level by introducing a completely new 
functional group of micro-organisms i.e. the anodophiles (electrogenic bacteria), which are 
not found in anaerobic digesters naturally but which are in many ways capable of replacing 
the function of the methanogens in the anaerobic microbial community. 
 iii 
No increase in methanogen diversity was observed when inocula from range of 
environments was used. Based on 16S rRNA gene analysis, the methanogens dominating the 
sewage sludge were found to be dominant in the tested and control samples. 
The species diversity of methanogens was successfully increased by changing the 
method of mixing from mechanical stirrer to sludge re-circulation. The dominant 
methanogens in the digesters using sludge re-circulation for mixing were closely related to 
thermophilic archaea such as Methanothermobacter thermoautotrophicus, Methanobacterium 
thermoformicicum, Methanosarcina thermophila, whereas the dominant methanogens in the 
mechanically stirred digesters were closely related to Methanosaeta concilli, uncultured 
Methanosaeta sp and Methanosarcina barkeri. The sludge re-circulation mixing method 
promoted proliferation of true thermophilic micro-organisms and may also have helped to 
maintain close syntrophic associations. 
An inert carbon fibre cloth (CFC) was also tried in the digesters to increase the 
diversity of methanogens. The digesters with CFCs recovered at faster rates than the digesters 
without CFCs. The 16S rRNA gene analysis on the adhering fraction of CFCs and suspended 
fraction from the digester showed higher diversity of methanogens on CFCs. The use of CFCs 
also increased the average residence time of micro-organisms in the digesters and facilitate 
the maintenance of close syntrophic associations of syntrophic micro-organisms. 
To add an entire functional group of micro-organisms to the digesters, microbial fuel 
cells were combined with the TADs. The anaerobic digester/ microbial fuel cell hybrid system 
was tested for increased stability by giving acetic acid shock to the system. The hybrid system 
recovered at a faster rate after the acid shock compared with either of the components of the 
hybrid system when operated individually. 
The results from this study suggested that diversity-stability ecological theories can be 
applied to engineer new digester designs to promote digester stability and performance in the 
event of environmental and/or operational disturbances. It must be emphasized that the 
techniques used to measure the microbial diversity of TADs in the current study were limited 
to measuring the diversity of only dominant micro-organisms. In this work implications for 
operating a thermophilic anaerobic digester with lipid rich waste are outlined. 
Keywords: Methanogenic archaea, Methanogens, thermophilic anaerobic digestion, microbial 
fuel cell (MFC), carbon fibre cloth (CFC), 16S rRNA gene, rRNA, SSCP, MICREDOX, pH. 
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     Chapter 1 
Introduction 
1.1 Introduction 
Wherever there is human inhabitation wastewaters are generated and each year the 
amount of wastewater generated is increasing (Wiesmann, 2007). The wastewater needs 
suitable treatment before discharge into the environment to avoid ill effects on the 
environment, human and animal health. In many countries, strict regulations for wastewater 
disposal have led to the commissioning of new and up gradation of existing wastewater 
treatment plants, as a result of which large amounts of sewage sludge are produced (Ahring, 
2003). Sewage sludge is generated before and after the bio-treatment of wastewater and is 
termed as primary and secondary sewage sludge respectively. 
Sewage sludge is a good substrate for bacteria and therefore decomposes very quickly 
causing offensive smells, growth of flies, growth of pathogens and contamination of soil and 
aquatic systems (Tchobanoglous et al., 2003). The pathogens from human and animal wastes 
that may be concentrated in sewage sludge includes viruses, bacteria, protozoans and large 
parasites such as human roundworms, tapeworms and liver flukes (Tchobanoglous et al., 
2003). Therefore, if sewage sludge is not treated properly it can cause serious damage to the 
environment and human and animal health. Sewage sludge management has become one of 
the largest environmental concerns in the recent decades (Ahring, 2003). 
Sewage treatment is carried out to reduce smell, organic content, eliminate disease-
causing organisms and to improve dewater-ability characteristics of sludge to reduce the 
water content so that the end products can be further disposed off with less handling problems 
and environmental contamination. Various methods have been used for the treatment and/or 
disposal of sewage sludge. Of these methods, anaerobic digestion is the most promising and 
sustainable technology for sludge treatment (Gallagher & Sharvelle, 2010; Suryawanshi et al., 
2010; Turovskiy & Mathai, 2006). It is not only capable of treating sewage sludge but also 
produces renewable energy in the form of methane which can be further used directly for heat 
production or to generate electricity (Ahring, 2003). Methane generated through anaerobic 
digestion could be used to replace energy derived from fossil fuels, thus reducing the 
greenhouse gas emissions (van Lier et al., 2001). 
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Conventionally, anaerobic digestion is carried out at mesophilic temperatures 
 (25-40
o
C). Mesophilic anaerobic digestion requires long retention time and is not efficient in 
destruction of pathogenic micro-organisms present in the sludge (Buhr & Andrews, 1977; 
Kim et al., 2002; Kiyohara et al., 2000). To overcome the limitations of mesophilic anaerobic 
digestion, thermophilic anaerobic digestion has been adopted which is carried out at 
thermophilic temperatures (45–60oC) (Ahring et al., 2002). Thermophilic anaerobic digestion 
offers numerous benefits over mesophilic anaerobic digestion such as enhanced biogas 
recovery, high solids destruction, improved solid-liquid separation, increased pathogen 
destruction and low retention times (Buhr & Andrews, 1977; Kim et al., 2002; Kiyohara et al., 
2000; Krugel et al., 1998; Rimkus et al., 1982). Considering the advantages of thermophilic 
anaerobic digestion, it seems to be more promising than mesophilic anaerobic digestion. 
However, a sudden change in feed composition or operating conditions causes process 
instability in thermophilic anaerobic digesters (TADs). Whereas mesophilic digesters may 
recover quickly after such instability, TADs take long time to recover and sometimes even fail 
to recover after such instabilities (Azbar et al., 2001; Baere & Mattheeuws, 2010; Kim et al., 
2002; van Lier et al., 1993; vanLier, 1996). Also, TADs requires long start-up periods and the 
effluent quality from TADs is compromised by large amounts of dissolved fatty acids (Azbar 
et al., 2001; Buhr & Andrews, 1977; Kim et al., 2002; Kim et al., 2003; Song et al., 2004; 
vanLier, 1996). If these difficulties could be overcome, the adoption of thermophilic 
anaerobic digestion technology would become more common. 
 
1.2 Anaerobic digesters- an engineered eco-system 
Anaerobic digesters are highly engineered ecosystems in which micro-organisms 
belonging to various trophic levels interact with each other to bio-transform organic matter. In 
the anaerobic food chain the products from one group of micro-organisms serve as substrate 
for the next, resulting in transformation of complex organic matter into methane and carbon-
dioxide (Gujer & Zehnder, 1983; Tchobanoglous et al., 2003; Wiesmann, 2007). For stable 
digester operation and methane output it is important that various biological conversion 
processes remain sufficiently coupled so as to avoid the accumulation of intermediate 
products (Kaseng et al., 1992; Martin-Gonzalez et al., 2011; Wilson et al., 2008). Failure of 
micro-organisms at one trophic level might result in metabolic imbalance causing process 
instability due to an accumulation of intermediate products (Martin-Gonzalez et al., 2011; 
McMahon et al., 2004; Zehnder, 1988). 
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The processes occurring in the anaerobic digesters are analogous to the processes that 
occur in natural environments. Process stability, a critical issue in digester operation 
especially in TADs (Baere & Mattheeuws, 2010; vanLier, 1996; Wilson et al., 2008), is also 
an important ecological concept that has exercised the minds of many ecologists and has been 
the subject of numerous theoretical expositions and experimental studies (Bell et al., 2005; 
Campbell et al., 2011; Cardinale et al., 2002; Lehman & Tilman, 2000; Tilman et al., 2006). 
Experimental studies conducted on ecosystems have suggested that ecosystem instability is 
related to the loss of diversity and/or loss of key functional species from an ecosystem when 
perturbed by external disturbances (Tilman et al., 2006; Walker et al., 1999). 
 
1.3 Biodiversity and stability 
Ecosystems are environmental units consisting of all the living organisms in a particular 
area in which they interact with abiotic components such as air, soil, water and sunlight. 
Ecosystems are characterised by a defined structure and function, which results from the 
complex interactions of the living communities with abiotic components. The organisms may 
be grouped typically into producers such as photosynthetic and chemosynthetic plants and 
micro-organisms, consumers (animals) and decomposers (mainly bacteria and fungi) (Gaston, 
1996; Mooney, 2002). Ecosystem functioning refers to the biogeochemical activities of an 
ecosystem or the flow of materials such as nutrients, water and atmospheric gases and 
processing of energy (Mooney, 2002). The complex interrelations between numerous 
components of the ecosystem determine the structure of the ecosystem and contribute to its 
stability (Bond & Lovley, 2005; Botton et al., 2006; Campbell et al., 2011). 
Species perform diverse functions in an ecosystem. For example a species may regulate 
biogeochemical cycles, alter disturbance regimes or modify the physical environment. Other 
species regulate ecological processes indirectly, through trophic interactions such as predation 
or parasitism or functional interactions such as pollination and seed dispersal (Dublin et al., 
1990; Jones et al., 1994; Vitousek, 1990). There are limited numbers of functions that a 
species can perform in an ecosystem and consequently ecologists have proposed that an 
increase in species richness also increases functional diversity and thus increases ecological 
stability (Tilman & Downing, 1994; Walker, 1995). 
The relationship between diversity and stability is one of the oldest and most enduring 
ideas in ecology and has become the subject of intense research over the last few years 
(Campbell et al., 2011; Cardinale et al., 2002; Peterson et al., 1998; Tilman & Downing, 
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1994; Tilman et al., 2006). While biodiversity is often used as a synonym for species richness, 
different components of diversity for e.g. richness, relative abundance, composition, 
presence/absence of key species and their interactions among themselves and other species 
can have different effects on ecosystem functioning (Balvanera et al., 2006; Cardinale et al., 
2006; Tilman et al., 2006). Understanding the relationship between diversity and stability 
requires the knowledge of how different species interact with each other and how each is 
affected by the environment. The relationship is also multifaceted, because the concept of 
stability is complex; different types of stability describing different properties of ecosystems 
has led to multiple diversity-stability hypotheses (Botton et al., 2006; Loreau et al., 2001; 
Peterson et al., 1998; Walker, 1995). 
 
1.4 Ecological theories 
There are several versions of the general hypothesis that increased diversity leads to 
increased stability. These theories include the Diversity-Stability hypothesis, the Rivet 
hypothesis and the Driver-Passenger hypothesis. 
 
1.4.1 Diversity-Stability hypothesis 
Diversity-Stability hypothesis, which was first suggested by Charles Darwin, proposes 
that increasing the number of species in an ecosystem, increases the ecological functions 
present which in turn increases the stability of that ecosystem (Elton, 1958). Loss of species is 
compensated by other species with a similar function. Communities with the greatest number 
of inter-specific links will be resistant to disruption by disturbance because alternate pathways 
for energy flow are available for use (Hashsham et al., 2000; Tilman et al., 1996). The loss of 
any species will decrease the stability of the ecosystem. 
Some researchers (May, 1988; Ulanowicz, 2003) have disagreed with this hypothesis 
on the grounds that species function may be more important than species number per se. 
Refinement of the Diversity-Stability hypothesis, incorporating the concept of species 
function led to the Rivet hypothesis and the Driver-Passenger hypothesis. 
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1.4.2 Rivet hypothesis 
Rivet hypothesis proposes that functional redundancy exists. If a species is removed or 
dies, the ecological function may persist due to the compensation provided by other species 
with similar functions. So, in an ecosystem, the function will not end until all the species 
performing the same function either die or are removed. Thus species richness helps in 
maintaining stability by providing insurance cover to the species that are removed or die. 
There may be no effect if any particular species is removed or there may be a huge difference 
to the system depending upon the presence of compensating species and the interactions of 
the removed species with other species (Tilman & Downing, 1994; Tilman et al., 1996). 
 
1.4.3 Driver-Passenger hypothesis 
Driver-Passengers hypothesis (Walker, 1995) further subdivided species depending on 
whether they have a major or minor effect on organizing an ecosystem. In this theory, there 
are two important categories of functional groups in an ecosystem (1) driver species (also 
called keystone species), which drive the system and have strong ecological function,  
and (2) passenger species, which have relatively minor ecological impact. While driver 
species are important for running the system, the passengers might be important for 
ecosystem resilience as these species which are considered to be minor or less important may 
become drivers or keystone species in changed environments (Tilman & Downing, 1994). 
 
1.5 Role of diversity in ecosystem stability 
The question of whether increasing diversity leads to increased ecosystem stability is 
very old in ecology, and it has been discussed controversially (Loreau, 2000; Loreau et al., 
2002; Proulx et al., 2010). Ecosystem stability is often divided into three aspects; persistence 
i.e. the tendency of a system to exist in the same state through time; resistance i.e. the 
capability of a system to remain unchanged when the system is subjected to external pressures 
or disturbances; and resilience i.e. the ability of a system to return to its original state after it 
has been displaced from it by external pressures or disturbances (Hooper et al., 2005;  
Pimm, 1984). 
The maintenance of ecological function in an ecosystem under environmental 
disturbances is in part dependent upon the environmental tolerances of the species in that 
ecosystem (Vinebrooke et al., 2004). The likelihood of species, tolerant to any particular 
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environment disturbance, being present, are higher if the ecosystem has higher species 
diversity (Loreau et al., 2002). Furthermore, as suggested by statistical averaging, ecosystem 
functioning should be intrinsically less variable in species-rich ecosystems, as the responses 
of species are diluted in a species rich community (Doak et al., 1998). This averaging idea has 
received most empirical support (Dang et al., 2005; Lecerf et al., 2007; Tilman et al., 2006). 
Thus, the impacts of environmental fluctuations on ecosystem processes are expected to be 
more variable in less species diverse ecosystems. 
In addition, loss of species might impact ecosystem functioning directly, by reducing 
the overall capacity of the remaining species to maintain the process at a pre-existing rate. 
Results of biodiversity-ecosystem experiments indicate that the average process rates are 
often higher for species-rich ecosystems than for species-poor ecosystems (Balvanera et al., 
2006; Cardinale et al., 2006). There could be one or more of three main mechanisms through 
which higher diversity may lead to increased stability and productivity: (1) niche partioning or 
resource complementarity, where species-diverse communities allow greater saturation of 
niche space and more efficient utilization of food resources (Hooper et al., 2005), 
 (2) facilitation effects, whereby activities of some species alter the environment in such a 
way that it enhances the activities of other species (Cardinale et al., 2002), (3) the sampling 
effect, whereby higher species diversity increases the probability of including the species that 
strongly influence the process rates (Hooper et al., 2005). 
Effects of biodiversity on ecosystem stability and productivity under different 
environmental stressors are well studied in terms of the diversity of macro-organisms in large 
scale ecosystems such as terrestrial ecosystems and, marine ecosystems. There have also been 
some studies on soil microbial ecosystems. 
The role of biodiversity in maintaining stability and productivity has been studied in 
theoretical, controlled environment and small and large scale field studies (Naeem, 1998; 
Tilman et al. 1997; Tilman et al., 2006). In grassland ecosystems, plant productivity and 
resource utilization was found to be significantly greater at higher plant diversity (Tilman et 
al., 1996). The greater nutrient utilization at higher plant diversity prevents nitrogen leaching 
loss from the soil and contributes to the sustainable nutrient cycling and soil fertility in these 
ecosystems (Tilman et al., 2006). Also, higher plant productivity was observed when the 
ecosystem was subjected to not only major perturbation such as drought but also with respect 
to normal year to year variation in climate (Tilman, 1996). Many experiments have shown 
significant increase in plant production owing to the presence of soil organisms, specifically 
the diversity of earthworms (Lavelle et al., 2006). 
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In an intensively managed and disturbed ecosystem, maximum productivity was 
achieved with relatively low diversity of macro-organisms. However, high productivity in 
such ecosystems required large inputs of fertilizers, biocides and water and such practices are 
not considered sustainable and environmentally friendly (Premat, 2011). Sustainable high 
productivity without the input of any anthropogenic resources is normally associated only 
with high levels of biodiversity in mature ecosystems. In an eight year long study, positive 
effects of species richness on ecosystem productivity of restored grasslands on a range of soil 
types has been reported (Bullock et al., 2007). Similarly, higher productivity in biologically 
diverse tree plantations in the tropics has been observed, suggesting that increasing the 
diversity in timber plantations may be a viable strategy for both timber yields and biodiversity 
conservation in the tropics (Potvin & Gotelli, 2008). 
The positive results of increased biodiversity on stability for large scale ecosystems 
have sparked interest among soil biologists worldwide. One of the reasons for this increased 
interest is the availability of advanced molecular biological techniques which has opened new 
doors and perspectives in investigations on the structure and function, as well as 
stability/resilience, of ecosystem processes (Emmerling et al., 2002). However, applying ideas 
from diversity-stability ecological theories to microbial ecosystems is a relatively new 
concept and few studies have been done. In benthic ecosystems, higher prokaryote diversity 
has been found to increase the ecosystem productivity and stability, increasing the 
effectiveness of utilization of complex organic substrates and allowing a faster response to 
changing environments (Danovaro & Pusceddu, 2007). Soil communities having higher 
microbial diversity have been found to be more resistant to benzene perturbation than less 
diverse soil communities (Girvan et al., 2005). 
The results from the studies conducted so far to support the diversity-stability 
hypotheses provides enough evidence that diversity has positive effect on ecosystem stability 
and productivity. There is a considerable amount of literature available on macro-organism 
diversity in terrestrial, marine and soil ecosystems to support the diversity-stability 
hypotheses; however, there is virtually no information available about the application of such 
ecological theories to microbial systems such as anaerobic digesters. The process stability of 
TADs, which is considered to be lower than mesophilic anaerobic digesters (Baere & 
Mattheeuws, 2010; vanLier, 1996), might be improved by increasing the microbial diversity 
in TADs. Before increasing the microbial diversity in TADs, it is essential to gain an insight 
into the process microbiology and the factors that are responsible for causing poor process 
stability in TADs. 
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1.6 Microbiology of anaerobic digestion process  
Anaerobic digestion consists of a series of interdependent, complex, sequential and 
parallel biological reactions in which products from one group of micro-organisms serve as 
substrates for the next, resulting in the transformation of complex organic matter into methane 
and carbon dioxide (Gujer & Zehnder, 1983; Tchobanoglous et al., 2003). The different stages 
involved in the anaerobic digestion process include hydrolysis, acidogenesis, acetogenesis and 
methanogenesis as illustrated in Figure 1.1. In order to carry out the whole process in an 
efficient and stable manner it is important that the biological conversion processes remain 
sufficiently coupled so as to avoid the accumulation of intermediate products (Kaseng et al., 
1992; McMahon et al., 2004). Failure of microbial populations at one trophic level might 
cause a metabolic imbalance, leading to an accumulation of intermediates that result in pH 
changes and reduced methane production (Zehnder, 1988). Micro-organisms belonging to two 
biological domains, the Bacteria and the Archaea, carry out the digestion process under 
anaerobic conditions (Boone et al., 1993). Although anaerobic digestion is now practiced 
widely, understanding the microbiology and biochemistry of anaerobic digestion represents 
some challenges (van Lier et al., 2001). 
 
1.6.1 Hydrolysis 
The first step of the anaerobic food chain is known as hydrolysis. During this step 
complex organic matter present in the sewage sludge is broken down into simple compounds. 
During hydrolysis the extracellular enzymes, such as cellulase, amylase, protease and lipase 
are released by hydrolytic bacteria and these break down carbohydrates, proteins and fats into 
simple sugars, amino acids and long chain fatty acids (LCFAs) and glycerol respectively 
(Parawira et al., 2005). Lipids are degraded by a specific anaerobic chain reaction, which is 
different from that of carbohydrates and proteins. Lipids are hydrolysed into LCFAs and 
glycerol by extracellular lipases excreted by hydrolytic bacteria. 
 
1.6.2 Acidogenesis 
During the next stage called acidogenesis, the products formed during hydrolysis i.e. 
sugars, LCFAs, glycerol and amino acids are used by fermentative micro-organisms to 
produce carbonic acids such as acetic acid, propionic acid, butyric acid and other short chain 
fatty acids, alcohols, H2 and CO2. While glycerol is converted into acetate by acidogenesis, 
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the LCFAs are converted into acetate (or propionate in the case of odd number carbon 
LCFAs) and H2 by acetogenic bacteria through β-oxidation process (Masse et al., 2002). 
Acidogenesis is usually the fastest reaction in the anaerobic food chain. Acetate is found to be 
the main fermentation product at low hydrogen pressure and high pH. At higher hydrogen 
partial pressures, acetate formation becomes energetically unfavourable, causing a shift to 
butyrate formation (Rodriguez et al., 2006). Similarly acetate production decreases at low pH 
and butyrate production increases. Fermentation processes may cease at pH lower than 4.0 
(Hwang et al., 2004). 
 
 
Figure 1.1 Pathway for the metabolism of complex organic matter in anaerobic 
digesters (Gujer & Zehnder, 1983; Tchobanoglous et al., 2003; Zehnder, 1988). 
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1.6.3 Acetogenesis 
Since the intermediate products must be further oxidized to acetic acid, H2 and CO2 
before they are used by methanogens, the acetogenesis step is crucial for the successful 
production of biogas. In contrast to the fermentative bacteria, the acetogens are obligately 
symbiotic bacteria and work in close symbiotic associations with methanogens (Boone et al., 
1993; Parkin & Owen, 1986). The acetogens are very slow growing, sensitive to changes in 
the organic loads and environmental conditions and require long lag periods to adjust to the 
changing environments (Xing et al., 1997). They also require low partial pressures of 
hydrogen for effective degradation of volatile fatty acids (VFAs) (C>2) into acetic acid 
(Boone et al., 1993). Acetogenic bacteria can be divided into hydrogen producing acetogenic 
bacteria and homoacetogenic bacteria. The main function of acetogenic bacteria in anaerobic 
digestion is to convert VFAs and alcohols into acetate, hydrogen and carbon dioxide which 
are subsequently used by methanogens for their metabolism (Zehnder, 1988). The 
homoacetogenic bacteria are also important in anaerobic digestion and are characterised as 
chemolitotrophic, H2 and CO2 users (Zehnder, 1988). Examples of VFAs oxidation reactions 
are shown in Table 1.1. 
 
Table 1.1 Fatty acids degradation reactions (Pind et al., 2003; Wang et al., 1999) 
Substrate Reaction 
Propionate CH3CH2COOH + 2H2O            CH3COOH+CO2+2H2 
n- butyrate CH3CH2CH2COOH + 2H2O            2CH3COOH+2H2 
i- butyrate CH3(CHCH3)COOH + 2H2O            2CH3COOH+2H2 
n- valerate CH3CH2CH2CH2COOH + 2H2O             CH3COOH + CH3CH2COOH+ 2H2 
i- valerate CH3(CHCH3)CH2COOH + CO2 + 2H2O           3CH3COOH + H2 
 
During acetogenesis, propionate is mainly oxidized into acetate, carbon dioxide and 
hydrogen via the methylmalonyl-COA pathway (Houwen et al., 1990). Butyrate has been 
reported to follow the β-oxidation pathway of n-butyrate yielding acetate, and that i-butyrate 
served as equilibrium storage of butyrate (Aguilar et al., 1990; Ahring & Westermann, 1987; 
Stieb & Schink, 1989). n-valerate has been reported to be degraded into both acetate and 
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propionate via the β-oxidation pathway, while only acetate resulted from i-valerate 
degradation (Stieb & Schink, 1986; Wang et al., 1999) 
 
1.6.4 Methanogenesis 
Methanogenesis is the terminal step in the formation of biogas from the anaerobic 
degradation of organic matter. In this step the final fermentation products (hydrogen, carbon 
dioxide, and acetate) are degraded further to final products of methanogenesis (methane and 
carbon dioxide) by methanogens. Methanogens belong to the domain Archaea, a distinct 
group of micro-organisms, phylogenetically different from the domain Bacteria (Sekiguchi et 
al., 2001; Zehnder, 1988). 
Two groups of methanogens are involved in this step. One group is the acetoclastic 
methanogens (Methanosaeta and Methanosarcina), which are responsible for splitting acetate 
into methane and carbon dioxide. Usually, only one acetoclastic methanogens group, 
Methanosaeta or Methanosarcina, dominates in anaerobic digesters depending upon the type 
of waste and digester (Leclerc et al., 2004). Methanosaeta have slower growth rates and 
higher affinity for acetate, while Methanosarcina have faster growth rates and lower affinity 
for acetate (Liu & Whitman, 2008). The second group is the hydrogenotrophic methanogens 
(Methanobacterium, Methanobacillus, and Methanococcus) which use hydrogen and carbon 
dioxide to produce methane. Very few species of known methanogens are capable of 
producing methane by utilizing acetate, whereas nearly all known methanogenic species can 
produce methane by utilizing H2/CO2 (Boone et al., 1993; Zehnder, 1988). 
Two mechanisms have been described for conversion of acetate, an important 
intermediate product in the anaerobic digestion process, to methane (Schnurer et al., 1994; 
Shigematsu et al., 2004). The first one known as acetoclastic pathway, the methyl group of 
acetate is converted to CH4 and the carboxyl group is converted to CO2. In the second one, 
syntrophic oxidation of acetate to CO2 and H2 occurs, and then reduction of CO2 to CH4 by 
hydrogenotrophic methanogens. Reactions related to the methanogenesis stage can be 
observed in Table 1.2. 
According to thermodynamic calculations, fatty acid oxidation can only proceed 
within a narrow range of hydrogen partial pressures (10
-4
-10
-6
 atm) (Schink & Friedrich, 
1994) which is only possible if hydrogen producing acetogens and hydrogen consuming 
methanogens are in close proximity to each other. Disruption of such associations results in a 
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severe drop in pH due to accumulation of fatty acids (Demirel & Scherer, 2008) inhibiting pH 
sensitive methanogenesis, finally leading to complete process failure. 
 
Table 1.2 Reactions related to methanogenesis stage (Laloui-Carpentier et al., 
2006) 
Substrate Reaction 
Acetoclastic methanogenesis CH3COOH → CH4 + CO2 
Hydrogenotrophic methanogenesis 4H2 + CO2 → CH4  + 2H2O 
Acetate oxidation CH3COOH + 2H2O → 4H2 + 2CO2 
Homoacetogenesis 4H2 + CO2→ CH3COOH + 2H2O 
 
Methanogens are strict anaerobic micro-organisms, very sensitive to environmental 
changes and can metabolize effectively within a pH range of 6.8–7.5 (Zehnder, 1988). The 
hydrogen utilizing methanogens are found to be more resistant to environmental changes than 
acetoclastic methanogens and therefore, methanogenesis from acetate has been found to be 
the rate limiting step in several cases of anaerobic digestion (Parawira et al., 2005). 
Acetate is found to be the main precursor of methane for both mesophilic and 
thermophilic anaerobic sludge digesters. Nearly 70% of the methane is produced by 
acetoclastic methanogens and 30% by hydrogenotrophic methanogens (Zinder, 1990). 
However, acetoclastic methanogens have shown higher sensitivity at thermophilic 
temperatures (Ahring et al., 2001; Chen, 1983; Leven et al., 2007) resulting in the reliance on 
hydrogenotrophic methanogens as the dominant source of methane gas. It has been reported 
that at thermophilic temperatures, methane is increasingly produced from H2/CO2 rather than 
from acetate as at mesophilic temperatures (Conrad, 2002). Hydrogenotrophic methanogens 
are mainly responsible for maintaining H2 partial pressures within the limits for the effective 
metabolism of VFAs (C>2) into acetate (Zehnder, 1988). Acetate oxidation into H2 and CO2 
is found to increase at higher temperatures (Wilson et al., 2008) resulting in higher H2 
production. Therefore, in thermophilic anaerobic digesters close syntrophic associations 
between acetogenic bacteria and hydrogenotrophic methanogens must be maintained to keep 
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H2 partial pressures within the limits for effective oxidation of fatty acids (Kim et al., 2002; 
Wilson et al., 2008). 
 
1.7 Factors known to affect process stability of thermophilic anaerobic 
digesters 
Sustainable operation of TADs requires effective shuttling of carbon from complex 
organic matter into methane. The process stability is linked with the microbial communities 
present in the digester. For stable digester operation and methane output, it is necessary to 
have balance between various microbial communities involved in the digestion process, 
especially between acid producers such as fermentative bacteria and acid consumers such as 
methanogenic archaea (Griffin et al., 1998; Rimkus et al., 1982; Wilson et al., 2008). TADs 
often manifest chronically higher VFAs concentrations especially propionate than that for 
mesophilic digesters (Kim et al., 2002; van Lier et al., 1993; vanLier, 1996). Various factors 
have been identified which can lead to process instability of TADs such as; lack of 
thermophilic inoculum, lack of close microbial proximity, low microbial diversity and 
washout of active biomass as discussed in the following sections. 
 
1.7.1 Inoculum for digester start-up and continuing digester operation 
The start-up of anaerobic digesters is generally considered to be the most crucial step. 
Once an anaerobic digester has been started successfully, it frequently runs without much 
attention unless subjected to changes in operational and environmental conditions (Ahring, 
1995, 2003). Mostly anaerobic digesters are operated at mesophilic temperatures (37
o
C) and 
their start-up is less problematic compared with the start-up of TADs, as the inoculum 
required for mesophilic digesters start-up is readily available and moreover the feed sludge 
also contains mostly mesophilic micro-organisms (Ahring, 2003; Chen, 1983). On the other 
hand starting a TAD is problematic and requires careful and extensive monitoring to avoid 
any accumulation of VFAs. One of the major problems associated with the start-up of TADs 
is lack of thermophilic inoculum (Ahring, 1994; El-Hadj et al., 2007). Usually TADs are 
started using mesophilic inoculum. Mesophilic digested sludge contains 9% thermophilic 
micro-organisms and 1% obligate thermophilic micro-organisms (Chen, 1983). Thermophilic 
anaerobic digestion is considered to be optimal if carried out by true thermophilic micro-
organisms (Ahring et al., 2002; Suwannoppadol et al., 2011). Therefore, careful monitoring is 
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required to avoid accumulation of intermediate products which may slower down the 
establishment of true thermophilic micro-organisms in TADs. 
Two strategies have been proposed for starting TADs. One is a slow start-up i.e. 
increasing the digester temperature by a few degrees every day (Bouskova et al., 2005; de la 
Rubia et al., 2005). The other theory is a fast start-up, i.e. increasing the temperature rapidly 
in one step from mesophilic to thermophilic temperatures (Cecchi et al., 1991; Griffin et al., 
1998; Iranpour et al., 2002; van Lier et al., 1992). Although both practices appear to work 
well, careful monitoring of pH is required during the start-up to keep the pH between the 
limits (6.8-7.5) for efficient and stable methanogenesis. Initially, due to the fast growth of 
fermentative bacteria, there is an increase in fatty acids production compared to fatty acids 
consumption by the slower growing methanogens (Kim et al., 2003; Liu et al., 2002). 
Therefore, the concentration of fatty acids is stabilized either by suspending and/or reducing 
the loading to the digester or by addition of some base such as lime to increase digester pH 
and give time to the methanogens to develop. Unfortunately such practices are not very 
economical to use on large scale TADs. 
The literature on the type of micro-organisms responsible for carrying out 
thermophilic anaerobic digestion is not consistent. Since the sludge contains mostly 
mesophilic micro-organisms and it has been postulated that these mesophilic micro-organisms 
slowly adapt to the new conditions and become thermo-tolerant mesophilic micro-organisms 
which carry out the thermophilic digestion process (Chen, 1983; Rimkus et al., 1982). 
However, it has been reported that the thermo-tolerant mesophilic micro-organisms failed to 
produce class A biosolids and sustain digestion process for long leading to the accumulation 
of intermediate products (Ahring et al., 2002; Garber, 1982; Garber et al., 1975). 
Thermophilic micro-organisms, which are at subdominant levels in the mesophilic inoculum, 
may come to dominate at thermophilic temperatures and it is only the thermophilic  
micro-organisms which are responsible for carrying out thermophilic digestion process  
(Chackhiani et al., 2004). The previous results were obtained from the batch studies involving 
incubation of fixed volume of cattle manure at thermophilic conditions. Continuously fed 
TADs are usually fed with raw sewage sludge and it is not clear from previously reported 
studies whether the mesophilic micro-organisms which dominate raw sludge contribute to 
thermophilic anaerobic digestion or just serve as food for the established thermophilic 
micro-organisms in the digester. Therefore, there is a need to understand which  
micro-organisms are active in TADs. 
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1.7.2 Microbial proximity and reactor configuration 
Maintaining close proximity between the acetogens and methanogens and reactor 
configuration has proven to be of critical importance in successful operation of the anaerobic 
digestion process (McMahon et al., 2001). It is important to minimize the distance between 
the micro-organisms generating and metabolizing H2, otherwise, the H2 concentration 
increases, resulting in a decreased rate of VFAs metabolism (McCarty & Smith, 1986; Wilson 
et al., 2008; Zinder, 1990). Obligate hydrogen producing acetogens, H2/formate consuming 
methanogens and acetate consuming methanogens are all necessary for VFAs degradation. 
The precursors of methane are acetate and H2, which are metabolized by methanogens. The 
precursor of a fraction of acetate and H2 is propionate (McCarty & Smith, 1986; Zinder et al., 
1984). There is a narrow window of H2 concentration (10
-4
 to 10
-6
atm) that must be 
maintained for efficient propionate metabolism. It has been shown that digesters operating at 
thermophilic temperatures can have difficulty in metabolizing propionic acid (Reusser & 
Zelinka, 2004) and a direct correlation has been found between temperature and the average 
VFAs concentration (Iranpour et al., 2005). In one study, it took approximately one year for 
the propionate concentrations to decline in a thermophilic anaerobic digester severely 
affecting the process stability (Rimkus et al., 1982). While studying the operating 
characteristics of TADs in Denmark, the propionate concentrations was found to be as high as 
9600 mg/L (Ahring, 1994). Maintaining microbial consortia in close proximity to enhance 
microbial scavenging of dissolved H2 concentrations to lower levels helps to increase process 
stability of TADs by reducing the accumulation of VFAs (Kim et al., 2002). 
The most commonly used reactor configuration by most of the municipalities around 
the world is the single stage CSTR which consistently gave the poorest performance (Speece 
et al., 2006). The VFA concentrations in the single stage TADs were reported to be higher 
than the mesophilic digesters (Kim et al., 2002). In CSTR anaerobic digesters, all phases 
(hydrolysis, acidogenesis, acetogenesis and methanogenesis) take place in a dispersed 
common environment, which is not ideal for all the members of the consortia due to the 
different growth requirements of micro-organisms involved in the digestion process. Also, 
continuous stirring action in the reactor disturbs the close microbial syntrophic associations 
leading to accumulation of VFAs (Kim et al., 2002). Process stability of TADs and complete 
destruction of volatile solids are closely related to the maximum growth rate of the slow 
growing methanogens (van Lier et al., 1993). 
Mixing plays an important role in efficient biodegradation of organic matter. Mixing 
creates a homogeneous environment in the digester to prevent substrate stratification, 
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enhances heat transfer, helps in reduction of particle size and in the release of biogas 
produced (Kaparaju et al., 2008; Stroot et al., 2001). Continuous mixing creates homogeneous 
conditions where micro-organisms, substrate and liquid consequently have an equal retention 
time in the digester; whereas under non-mixed conditions, as a consequence of substrate 
stratification and dead zones, the retention time of biomass in the digester increases 
(Stenstrom et al., 1983). The information available in literature about mixing is contradictory. 
Adequate mixing was shown to improve the distribution of micro-organisms, substrates and 
enzymes throughout the digester (Parkin & Owen, 1986; Stenstrom et al., 1983). Several 
other studies indicated that lack of mixing promotes formation of floating layers of solids in 
the digesters (James et al., 1980; Stenstrom et al., 1983). However, higher methane 
production was achieved from non-mixed digester compared to continuously stirred digesters 
treating sludge in one study (Chen et al., 1990). In another study testing different methods of 
mixing, 10-30% higher methane was produced from the digester using sludge re-circulation 
for mixing than the non-mixed digester (Karim et al., 2005b). Based on the microbial analysis 
performed on digesters using continuous and minimal mixing modes, mixing appeared to 
disturb syntrophic oxidation of VFAs leading to poor digester performance (McMahon et al., 
2001). There is no information in the literature about the effect of mixing on the diversity of 
micro-organisms in TADs. 
 
1.7.3 Microbial diversity 
The accumulation of VFAs has long been associated with process instability in 
anaerobic digesters (Harper & Pohland, 1986). Such accumulation of VFAs is more often 
seen in TADs (vanLier, 1996; Wilson et al., 2008) possibly due to the temperature sensitivity 
of acetoclastic methanogens at thermophilic temperatures (Ahring et al., 2001; Chen, 1983) 
and due to lower microbial diversity in TADs compared with mesophilic anaerobic digesters 
(Karakashev et al., 2005; Kobayashi et al., 2008; Wagner et al., 2002; Wilson et al., 2008). 
It has been emphasized that a minimum number of species is required for the stable 
operation of a process under undisturbed conditions, whereas higher diversity can help the 
process to perform in a stable manner when subjected to operational or environmental 
fluctuations (Wagner et al., 2002). It is important to understand the links between the 
diversity of functionally important micro-organisms involved and the stability of the catalysed 
processes in TADs. Preliminary observations indicate that digesters with low functional 
redundancy due to the presence of low diversity of certain functional groups are more 
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sensitive to changes in environmental conditions than the digesters having higher microbial 
diversity (Wagner et al., 2002). 
Thermophilic temperatures have been shown to inhibit acetoclastic methanogenesis 
(Wilson et al., 2008), thus increasing the reliance on hydrogenotrophic methanogens to 
maintain low H2 partial pressures for effective metabolism of VFAs. Various studies have 
found lower diversity of methanogens in TADs (Karakashev et al., 2005; Kobayashi et al., 
2008; Leven et al., 2007; Wagner et al., 2002; Wilson et al., 2008). So increasing the diversity 
of methanogens in TADs could be a promising approach to enhance the process stability of 
TADs. 
 
1.7.4 Sludge retention 
Granulation of sludge is one of the important characteristics of anaerobic digesters in 
which micro-organisms form dense aggregates as a result of their self-immobilization 
property. These granules are important as they contain all trophic groups of micro-organisms 
necessary for anaerobic degradation of organic matter (Lettinga, 1995). Granulation is also 
helpful in maintaining syntrophic associations between various microbial populations and 
thus helpful in maintaining low concentrations of H2. 
The poor process stability of TADs is sometimes characterized by excessive washout of 
active thermophilic biomass (Duff & Kennedy, 1982). Problems with biomass retention in 
TADs were also observed by (Soto et al., 1992). The formation of thermophilic granular 
sludge is much more difficult than mesophilic granular sludge (Schmidt & Ahring, 1995) and 
if formed then the microbial species diversity in such granules is much less than the 
mesophilic granules (Sekiguchi et al., 1998). This is possibly why TADs show higher 
sensitivity towards environmental and operational fluctuations, whereas the mesophilic 
anaerobic digesters supported by the much more diverse microbial granules containing 
multiple genera and species with the same metabolic functions provide more elasticity. 
 
1.8 Methods tested to increase the process stability of thermophilic 
anaerobic digesters 
Many approaches have been tested to enhance the process stability of TADs such as the 
addition of bases such as lime for pH recovery (Kim et al., 2003), suspending loading of the 
digester (Ahring, 1995), sludge recirculation (Hegde & Pullammanappallil, 2007), 
 18 
maintaining close microbial proximity by non-mixing or reducing the level of mixing (Stroot 
et al., 2001), supplementing inorganic nutrients to reduce fatty acids concentration (Kim et al., 
2002), introduction of multi-stage digestion process (Nielsen et al., 2004; Zahller et al., 2007), 
introduction of phase separation such as separating the hydrolysis and acidogenesis phase 
from the acetogenesis and methanogenesis phase (Bhattacharya et al., 1996) and modifying 
reactor configuration (Kim et al., 2002). Although some of these techniques can to some 
extent help to sustain stable digestion, they all have limitations. 
The information available in the literature (Azbar et al., 2001; de la Rubia et al., 2006; 
Kim et al., 2002; Stroot et al., 2001) that mixing in digesters leads to more stability is 
contradictory. Most of the literature emphasizes the importance of adequate mixing to 
encourage the distribution of enzymes and micro-organisms throughout the digesters (Parkin 
& Owen, 1986; Stenstrom et al., 1983). Whereas some results did not find significant effects 
of mixing (de la Rubia et al., 2006). While treating the waste with high total solids, scum 
layer formed on the surface interfered with the mixing apparatus, and hence failed to achieve 
uniform mixing (James et al., 1980). Rapid mixing disrupts the flocs in CSTR digesters thus 
disturbing the syntrophic relationships between different micro-organisms (Kim et al., 2002). 
Continuous mixing also promotes hydrolysis and fermentation which can cause poor 
performance at high loading rates (Stroot et al., 2001). Unstable reactors can sometimes be 
stabilized by reducing the level of mixing (Stroot et al., 2001). 
Phase separation is a useful technique as it separates the fast growing fermentative and 
acidogenic bacteria from the slow growing acetogenic bacteria and methanogenic archaea, 
leading to a more stable process (Dinopoulou et al., 1988). Phase separation allows operators 
to optimize the conditions for the fermentative bacteria in one reactor and for methanogenic 
archaea in the other. However, the possible disadvantages of phase separation includes 
hydrogen build up in the first phase during the acid formation. Hydrogen inhibits the acivity 
of acid forming bacteria (Dinopoulou et al., 1988). Moreover the output of methane from the 
two phase system compared with the single phase system is not sufficient to offset the 
additional cost incurred in operating the two phase system (Bhattacharya et al., 1996) and two 
phase systems failed to perform well at higher loading rates (Mtzviturtia et al., 1995). 
Effect of addition of enzymes to lipid rich waste on process stability has also been 
studied. The enzymes enhanced hydrolysis and accumulation of VFAs (Cirne et al., 2007) 
thus inhibiting methanogensis. However, such inhibition was not permanent, but required 
long recovery times which makes the process uneconomical when operating large-scale 
digesters. While considerable research has examined strategies to increase digester process 
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stability, digester instability remains an important issue for adoption of TADs on a large scale. 
If the processs stability of TADs can be enhanced especially during or after fluctuations, this 
technology could be widely adopted not only for waste treatment but also as an efficient 
technology for renewable energy production. 
 
1.9 Increasing process stability through increased microbial diversity 
Study of the known factors responsible for causing poor process stability in TADs 
suggested that digester process stability could be enhanced by applying the concepts of 
ecology to engineer digester design. While anaerobic digesters are highly engineered 
environments, the processes that occur in them are analogous to the processes that occur in 
natural environments. It has been proposed that the theories developed to understand stability 
in natural ecosystems could be applied to enhance the stability of engineered systems such as 
anaerobic digesters (Bell et al., 2005; Briones & Raskin, 2003; Narihiro & Sekiguchi, 2007; 
Rittmann et al., 2006). In this context, ecological theories about the relationship of stability to 
species diversity may be of particular interest. While the proposed positive correlation 
between diversity and stability has not proven to hold true in all natural systems where it has 
been tested (Walker, 1995; Walker et al., 1999), it is possible that increasing the microbial 
diversity in an anaerobic digester could lead to increased process stability. 
While these diversity-stability theories may have validity in terms of “macro-
organisms” in “large scale” ecosystems, it is far less certain that they can be applied to 
microbial systems such as the communities of bacteria in anaerobic digesters. Extrapolating 
diversity theories from “macro organism communities” to “microbial communities” is 
problematic because the levels of diversity in microbial systems are probably greater than the 
diversity of macro-organisms. While increasing the diversity of species in grassland 
ecosystem from 3 to 20 species could have a profound effect on productivity and stability, it 
does not necessarily follow that increasing the diversity of anaerobic digester from 3000 
bacterial species to 20 000 species would have the same effect. Certainly it has been proposed 
that there is a saturating effect, that over a certain level any further increase in diversity has no 
effect on stability (Peterson et al., 1998). 
There is little evidence in the literature on the diversity-stability relationship in 
microbial systems such as anaerobic digesters. Research in anaerobic digesters, examining the 
effect of community structure on resistance to disturbance caused by glucose perturbations, 
demonstrated that microbial systems with higher flexibility in terms of parallel processing of 
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substrate utilization were more resilient to disturbance (Hashsham et al., 2000). This may be 
analogous to the idea that increased diversity that adds new functional groups to a 
community, increases stability through increasing the number of alternative pathways for 
energy flow through the system. 
Given the results of Hashsham‟s studies, simply increasing the diversity of bacteria in 
the anaerobic digester may not be the best way to increase digester process stability. A better 
approach might be to specifically add a parallel pathway for oxidizing fatty acids that is not 
dependent upon methanogens. One way to do this, without reducing the energy output from 
the digester, would be to incorporate a microbial fuel cell into the digester. A new functional 
group of bacteria, the anodophiles, would thus be added to the digester community. This 
group of bacteria would be capable of oxidizing VFAs by passing electrons to an electrode 
producing electricity directly independently of the methanogens and without the production of 
methane. 
 
1.10  Microbial diversity 
Before we can hope to engineer microbial systems, we need to have some understanding 
of the structure of those microbial communities and the diversity of micro-organisms within 
the systems. This is actually a major problem and little information is available about the 
microbial diversity in any natural or complex microbial system (Curtis et al., 2006; Euzeby, 
1997; Green & Bohannan, 2006). There is disagreement about the level of bacterial diversity 
in existence as a whole (Euzeby, 1997). This stems from the simple fact that bacteria are very 
small, diverse and even unrelated bacteria can be morphologically identical while the same 
bacteria in different situations can have different morphologies. Traditional identification of 
bacteria has depended on isolation and culture. As only a minority of species can be cultured 
(Pontes et al., 2007) this technique provides little information. 
Molecular techniques such as Polymerase chain reaction (PCR), Denaturing gradient gel 
electrophoresis (DGGE), Fluorescent in-situ hybridization (FISH) etc. are increasingly being 
used to analyse microbial community structure. These techniques have revealed that the 
microbial diversity is much greater than previously demonstrated based on conventional 
cultivation methods (Hofman-Bang et al., 2003). However, molecular methods have several 
disadvantages. Indirect methods of sampling, particularly those relying on PCR amplification, 
have potentially large sampling biases (Pontes et al., 2007), while molecular methods may be 
good at detecting dominant species there may be a great diversity of relatively rare bacteria 
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that are not detected at all (Pontes et al., 2007). Finally, simple population profiles based on 
PCR amplification of DNA do not distinguish active and inactive microbes. 
Studies of the microbial composition and dynamics in anaerobic digesters (Casserly & 
Erijman, 2003; Griffin et al., 1998; LaPara et al., 2002; Wagner et al., 2002) suggest a diverse 
range of micro-organisms present and a close link between the process stability of the 
digesters to microbial dynamics and composition (McMahon et al., 2004). The diversity of 
methanogens is lower than the bacterial diversity (Talbot et al., 2008). Methanogens (archaea) 
are the key players in oxidizing short chain fatty acids to methane. In laboratory experiments, 
the anaerobic digesters that perform poorly in terms of accumulation of fatty acids and biogas 
yields contain lower diversity of methanogens (McMahon et al., 2004). These findings 
suggest that increasing the diversity of methanogens can help in maintaining stable operation 
of anaerobic digesters. However, the success of a digester is always limited by the fact that 
untreated wastes are of a complex nature. An enormous array of compounds exists in the 
wastes, ranging from easily decomposable sugars through a continuum of metabolic products 
of micro-organisms to compounds of fatty acids and stable organic materials. Nevertheless, 
increasing the diversity of both archaea and bacteria is vital to the success of digestion. 
Microbial diversity in TADs might be increased by collecting micro-organisms from 
different habitats, ensuring that there is a diversity of micro-organisms that can perform well 
under different environmental conditions and therefore making the digesters more resilient 
towards environmental fluctuations. A recent study found that an increase in removal 
efficiency of total petroleum hydrocarbons from soils was achieved by using mixed inocula, 
which significantly increased the diversity of microbial populations in the soils  
(Chien et al., 2010). Usually anaerobic digesters are started using inocula from some 
established digester or using raw sludge. Using inocula from a range of environments may 
help to increase the diversity and selecting those micro-organisms which can perform better 
under different stress levels. 
Anaerobic degradation rate of organic matter is mainly dependent on the concentration 
of the microbes. The growth rates of methanogens are very low; therefore long residence 
times are required to ensure a high concentration of methanogens in the digesters. Increased 
diversity of methanogens and bacteria might be achieved by using support media in the 
digesters. These media can act as a platform for the micro-organisms to attach and grow 
(Chauhan & Ogram, 2005; Sasaki et al., 2009; Yang et al., 2004). Such media could help to 
retain slower growing methanogens and bacteria by preventing washout. Support media could 
also provide a growth niche for micro-organisms that require syntrophic associations which 
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are less easily formed in planktonic growth conditions. Also, these media could allow the 
maintenance of species that are specially adapted to benthic growth conditions. The use of 
unwoven carbon fibre textile appears to be advantageous for attaching micro-organisms and 
especially the slow growing acetoclastic methanogens which have hydrophobic membranes 
and can easily attach themselves to the carbon fibre textile (Chauhan & Ogram, 2005). 
Recently, digester performance was compared between digesters with and without carbon 
fibre cloths (Sasaki et al., 2009). Digesters with carbon fibre textile maintained stable 
methane output at higher loading rates than the digesters without carbon fibre textile. Also, 
higher microbial diversity of dominant methanogens was observed on carbon fibre cloths by 
PCR-DGGE analysis. In that study, the authors concluded that the improved performance of 
the digester was due to increased microbial diversity and biomass. However, limitation of this 
study was the use of artificial feed which was maintained at constant pH and also the digester 
pH, which was kept constant throughout the experiment. Such conditions fail to reflect the 
actual digester performance, when they are fed with real sewage sludge without maintaining 
the pH with supplementation of base. Considering the limitations of this study, there is further 
scope for testing the role of increased microbial diversity, in a digester supplemented with 
carbon fibre cloth, in maintaining the digester process stability when subjected to sudden 
change in feed composition. 
Simply increasing the microbial diversity in TADs may not be the best way to increase 
digester process stability. Parallel processing through complex well interconnected pathways 
has proven to be more a robust and efficient system compared with serial processing in many 
processes such as information processing (Goodrich, 1999), fluid flow (Joseph et al., 1995) 
and communications (Scheiman & Schauser, 1999). This phenomenon may hold true for 
microbial systems since microbial systems such as anaerobic digesters are comprised of 
networks of metabolic processes of many interdependent micro-organisms. If the hypothesis 
holds true, then providing a parallel pathway for substrate processing in thermophilic 
digesters should result in greater functional stability of the digester. Redundancy in pathways 
as well as redundancy in species may provide greater stability in microbial systems (Cook et 
al., 2006). Microbial communities in anaerobic digesters have been found to have greater 
functional stability, in terms of the flux of substrates, the more they are structured to process 
substrates in parallel (Hashsham et al., 2000). 
The addition of microbial fuel cells to TADs will provide at least one major additional 
parallel processing pathway which is not available to anaerobic digesters operating alone. 
Microbial fuel cells are capable of utilizing various organic substrates and directly converting 
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them into electricity (Logan, 2005). In microbial fuel cells, anaerobic respiration occurs 
through electrogenesis and is carried out by a group of bacteria known as electrogenic 
bacteria (anodophiles) (Larrosa-Guerrero et al., 2010; Logan, 2009). Past experience in 
running MFCs has indicated that VFAs such as acetate (Rabaey et al., 2005; Weld & Singh, 
2011), propionate (Bond & Lovley, 2005), and butyrate (Liu et al., 2005) are well suited as 
carbon sources for current generation. 
Previously, MFCs have been combined with the AD successfully to achieve higher 
treatment levels (Zhang et al., 2009). MFCs have been successfully submerged in an 
anaerobic digester to increase the treatment levels (Min & Angelidaki, 2008). An 
aerobic/MFC hybrid system has been explored during which a MFC was submerged in an 
aerobic wastewater tank (Cha et al., 2010). Thus previous studies have provided practical 
methods for combining MFCs in hybrid systems. The main focus of the studies done on 
combining these two technologies were on increasing the treatment efficiency. A recent study 
explored the possibility of combining MFC with TAD treating municipal sewage sludge 
(Weld & Singh, 2011). The focus of this study was to find out if combining MFC with TAD 
made the system more stable than either system operating alone following acetic acid shock. 
Although the hybrid system had higher pH resilience than the MFC operating alone, the 
hybrid system was not more resilient than the digester operating alone. Possibly this result 
was due to the mismatch between the relatively high power output of TAD and the very low 
output of the MFC. Also, the acetic acid dose drove down the pH levels to low levels 
inhibiting the microbial processes in both digester and MFC. Thus there is further need to 
investigate the effect of combining the MFC with TAD on process stability with comparable 
efficiencies and less severe stress conditions. 
 
1.11  Anaerobic digestion facility at CWWTP, Bromley, New Zealand 
In New Zealand, at Christchurch Waste Water Treatment Plant (CWWTP), Bromley, 
the sewage is treated in a combination of treatment processes that together treat liquid, solid 
and gaseous components of the sewage to required standards (Figure 1.2). The sewage is first 
passed through screens to remove undissolved particles such as plastics, rubber products, 
wood and other large products and then to sedimentation tanks where the settleable particles 
in the sewage settle to produce primary sludge. The wastewater from the sedimentation tanks 
is then transferred to trickling filters for the removal of dissolved organics with the help of 
aerobic and anaerobic bacteria and this process produces activated sludge. Small amounts of 
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sludge produced in contact tanks and clarifiers are also termed as secondary sludge. Both the 
primary and secondary sludge is transferred to anaerobic digesters for further treatment at 
mesophilic temperatures (33-36
o
C) before its final disposal. 
Recently, two new anaerobic digesters have been installed at CWWTP to operate at 
thermophilic temperatures (50-60
o
C). Given the reputation that TADs have for process 
instability, there is some concern over the stable operation for the new digesters. Staff at the 
CWWTP also anticipate that in future the plant will have to deal with increased flux in the 
concentration of lipids at the plant. This may also tend to increase digester process instability 
as lipid rich waste causes operational problems due to clogging, decrease in pH due to high 
fatty acid production and also mass transfer problems for soluble substrates as they get 
absorbed to the biomass surface (Pereira et al., 2004). Therefore research is required to 
address the concerns over the short and long term process stability of these newly installed 
TADs. 
 
 
 
 
Figure 1.2 Flow diagram for sewage treatment at CWWTP (http://ccc.govt.nz). 
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1.12  Aims and objectives of the thesis 
The above review suggests that anaerobic digestion technology is one of the waste 
treatment technologies capable of not only treating waste but also producing energy-rich gas 
in the form of biogas. The rate and quality of gas production and odour control will depend on 
how close these digesters operate to optimal microbial temperatures. In the thermophilic range 
decomposition and biogas production occur more rapidly than in the mesophilic range. 
However, the thermophilic process is highly sensitive to disturbances, such as changes in the 
feed materials and temperature. A sudden change in temperature and/or feed composition will 
cause imbalance in the microbial populations causing digester failure. The major factors 
found to cause process instability include lower microbial diversity and sludge retention in 
TADs (Garcia et al., 2000; Li & Fang, 2007; Schmidt & Ahring, 1995; Soto et al., 1992; 
Wilson et al., 2008). The importance of maintaining close syntrophic associations between 
acetogens and methanogens is also important to maintain process stability of the digesters 
(Iranpour et al., 2002; McCarty & Smith, 1986; Reusser & Zelinka, 2004). While different 
attempts have been made to stabilize TADs, the process stability of TADs remains an issue, 
limiting the adoption of this technology on a large scale. 
In this current study, attempts were made to enhance the functional stability of TADs by 
increasing the microbial diversity in TADs. Firstly, microbial diversity was increased at 
micro-organism level i.e. increasing the species diversity of the methanogens. Previous 
studies conducted on anaerobic digesters have not progressed beyond describing the diversity 
of micro-organisms present in anaerobic digesters and have not examined the effect of 
increasing the diversity on process stability of anaerobic digesters. Increasing microbial 
diversity in TADs may lead to more efficient utilization of organic compounds and more 
production of methane gas due to increased competition, niche differentiation and resource 
exploitation and also there is more likelihood that species with crucial functional 
characteristics are present. Secondly, microbial diversity was increased at functional group 
level. In this approach completely new functional group, the anodophiles were introduced by 
combining microbial fuel cells with TADs, which are not found in anaerobic digesters 
naturally but capable of replacing the function of methanogens in the anaerobic microbial 
community. This study on prokaryotic diversity and its effects on engineered ecosystems such 
as anaerobic digesters is novel and more research needs to be done to better understand the 
relationship between microbial species richness and system stability. 
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1.12.1  Specific objectives of the thesis 
1. To investigate active micro-organisms in thermophilic anaerobic digesters treating 
municipal sewage sludge. 
2. To characterize the effect of elevated lipid loads on thermophilic anaerobic digester 
performance. 
3. To test the hypothesis that increasing microbial diversity increases process stability of 
thermophilic anaerobic digesters. 
4. To test the hypothesis that combining microbial fuel cells with thermophilic anaerobic 
digesters can increase digester process stability and productivity.  
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     Chapter 2 
Investigating active micro-organisms in thermophilic 
anaerobic digesters treating municipal sewage sludge 
2.1 Introduction 
Anaerobic digestion technology is widely used for the stabilization of a variety of 
organic wastes. Anaerobic digestion results in the reduction of organic matter in the waste, 
production of an energy rich biogas and a residue which has high content of nutrients 
(Tchobanoglous et al., 2003). Anaerobic digestion of municipal sewage sludge is mainly 
carried out at three temperature ranges namely; psychrophilic (5-25
o
C), mesophilic (25-45
o
C) 
and thermophilic (45-60
o
C) (Tchobanoglous et al., 2003). Anaerobic digestion of organic 
waste at higher temperatures has enormous benefits compared to the digestion at lower 
temperatures. Anaerobic digestion at higher temperatures allows lower retention times, 
improves the sludge dewater-ability, increases reduction in volatile solids and improves gas 
production compared to digestion at mesophilic temperatures (Ahring et al., 2002; Buhr & 
Andrews, 1977). Moreover, the digested sludge from thermophilic digesters contains less 
pathogens than mesophilic digested sludge (Zabranska et al., 2002). 
However, there are certain limitations associated with thermophilic anaerobic digestion 
process. Thermophilic anaerobic digestion process requires long start-up periods, is more 
sensitive to pH and is less stable when compared with the mesophilic digestion process  
(Baere & Mattheeuws, 2010; Kim et al., 2002). Therefore, the commercial take up of 
thermophilic anaerobic digestion process has been very limited. 
At higher temperatures, the microbial activity and the substrate digestion rate increases 
(Betancourt et al., 1990) due to which, an imbalance may occur between the various microbial 
populations present in the digesters. At thermophilic temperatures hydrolysis occurs faster 
compared to methanogenesis (de la Rubia et al., 2002) as a result of which the products 
formed by hydrolytic and fermentative bacteria accumulate in the digester resulting in a 
decrease in the pH and thus making conditions unfavourable for the survival of methanogens. 
Thermophilic anaerobic digesters can be more stable if they are inoculated with thermophilic 
inoculum and where thermophilic inoculum is not available, a suitable strategy should be 
adopted such that the required anaerobic microbial consortia develop and get acclimatize to 
thermophilic conditions (Ahring, 1995; Ahring et al., 2002). 
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Efforts in understanding molecular microbial ecology have improved our understanding 
of the anaerobic digestion process (Griffin et al., 1998; McMahon et al., 2004). The direct 
relation between microbial community structure and reactor performance has been previously 
reported (Griffin et al., 1998; McMahon et al., 2001; McMahon et al., 2004). There is little 
information in the literature about the type of micro-organisms which are responsible for 
carrying out thermophilic anaerobic digestion (Ahring, 1995; Ahring et al., 2002; Chackhiani 
et al., 2004; Iranpour et al., 2002; Kobayashi et al., 2008; McHugh et al., 2003). Municipal 
sewage sludge mainly contains mesophilic micro-organisms and thus the micro-organisms 
required for mesophilic anaerobic digestion are already present in the sludge (Ahring et al., 
2002), whereas the diversity of thermophilic micro-organisms is relatively low (Ahring, 1994; 
Chen, 1983; Karakashev et al., 2005; Wilson et al., 2008). Therefore, the thermophilic 
anaerobic digestion of sewage sludge is carried out either by the thermo-tolerant mesophilic 
micro-organisms or by the thermophilic micro-organisms which may be present in the sludge 
at subdominant levels and become active when subjected to favourable conditions 
(Chackhiani et al., 2004). 
Identifying the dominant, active micro-organisms in TADs is not a straightforward 
process. The dominant micro-organisms can be identified using 16S rRNA gene based 
methods such as SSCP or DGGE (Chackhiani et al., 2004; Hori et al., 2006; Leclerc et al., 
2004; Weiss et al., 2008). However, these methods, by themselves do not provide any 
information about which micro-organisms are active, as DNA can remain intact in inactive or 
even in dead cells. Identification of active micro-organisms has been achieved by ribosomal 
RNA based methods (Delbes et al., 2001; Griffin et al., 1998; Yoshie et al., 2004). The 
bacterial and archaeal growth rate is usually proportional to the intracellular level of rRNA, 
and it is generally accepted that the amount of rRNA per cell is roughly proportional to a 
cell‟s metabolic activity (Poulsen et al., 1993; Wagner, 1994). However, the relative number 
of active bacteria and archaea cannot be directly measured by rRNA fingerprinting methods 
because of the difference in cellular rRNA content among different bacterial and archaeal 
species (Dabert et al., 2002; Talbot et al., 2008). Much more knowledge of the biochemical 
and genetic characteristics of micro-organisms involved in thermophilic anaerobic digestion 
process is required in order to optimize the technology for waste treatment and energy 
production in a cost-effective way. 
The focus of this objective was to find out if the mesophilic micro-organisms present in 
the feed sludge, were able to retain their activity and contribute to thermophilic anaerobic 
digestion process. This objective was considered necessary because, in order to study the 
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effect of increasing microbial diversity, it was necessary to have some measure of the pre-
existing, active microbial diversity. In the preliminary investigations of the microbial 
diversity of model TADs using molecular techniques such as SSCP, it was found that 
mesophilic bacteria and archaea dominated even after several months of operation at 
thermophilic temperatures (Weld, 2006). In this study very few true thermophilic micro-
organisms were detected in the dominant populations. The question that remained was 
whether or not the dominant mesophilic micro-organisms were contributing to the active 
microbial diversity. 
Initially, in the present study the microbial activity of the feed sludge was measured 
during the transition from mesophilic to thermophilic temperatures to see if the mesophilic 
micro-organisms were inactivated by the temperature change and to what extent they would 
adjust to and recover from the transition. Since mesophilic micro-organisms dominate the 
feed sludge numerically (Chen, 1983), if mesophilic micro-organisms become inactive in the 
TADs, the measureable microbial activity would immediately stop at thermophilic 
temperatures and only recover contemporaneously with growth of the true thermophilic 
micro-organisms. 
Microbial activity was measured by four methods. In the first set of experiments 
microbial respiration was measured using the Micredox® assay (Tizzard et al., 2004). This 
assay was developed in the Biosensor Laboratory of Lincoln Ventures Ltd, Lincoln 
University, New Zealand. This assay is based on the electrochemical techniques used for 
measuring the changes in the respiratory pathway, where an electron mediator is combined 
with bacteria in solution under an optimal temperature and agitation to accept electrons. The 
mediator accepts electrons from the bacterial electron transport chain and is reduced. The 
quantity of reduced mediator is directly proportional to bacterial respiration (Tizzard et al., 
2004) which is used as a measure of bacterial activity. This assay was originally developed 
for biochemical oxygen demand (BOD) monitoring. To date, Micredox® assay has been 
demonstrated using three micro-organisms (Escherichia coli, Bacillus subtilis and 
Pseudomonas putida) for toxicity assessment of DCP (3,5- dichlorophenol)  
(Tizzard et al., 2004). 
In order to examine a wider range of microbial activity, another method adopted was 
measuring Fluorescein diacetate (FDA) fluorescence. Fluorescein diacetate is a well 
established fluorogenic indicator for living cell activity (Swisher & Carroll, 1980). 
Fluorescein diacetate is hydrolysed by the intra and extracellular esterases of living cells to 
free fluorescein, which exhibits a strong absorbance at 490 nm as well as intense fluorescence 
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at 560 nm (Boyle & Kropp, 1992; De Rosa et al., 1998). Fluorescein diacetate analysis has 
been previously applied to measure bacterial populations adhering to leaves (Swisher & 
Carroll, 1980), biofilm estimation in portable water supply pipelines (De Rosa et al., 1998), 
bacterial activities in soils (Wang & Bartha, 1990), freshwaters (Chrzanowski et al., 1984; 
Jones & Lock, 1993), and activated sludges (Fontvieille et al., 1992). 
The initial experiments were based on the assumption that mesophilic micro-organisms 
dominated the feed sludge and that thermophilic micro-organisms were not present in 
significant numbers. While this assumption is likely true, it is possible that true thermophilic 
micro-organisms proliferate after the transition to thermophilic temperatures and become a 
significant part of the population. To allow for this possibility, a third experimental approach 
was used. In this method a small inoculum of mesophilic feed sludge was incubated at 
mesophilic and thermophilic temperatures, with autoclaved sludge as the growth medium. To 
identify dominant micro-organisms in thermophilic anaerobic digestion, molecular methods 
(PCR, SSCP and DNA sequencing) were used to produce microbial population profiles based 
on 16S rRNA gene. 
The SSCP analysis based on 16S rRNA gene is useful in determining the diversity of 
dominant micro-organisms but fails to provide information about metabolically active micro-
organisms in the digesters, as DNA could originate from dormant or dead cells (Delbes et al., 
2001; Felske & Akkermans, 1998). Therefore, in the last set of experiments, studies were 
conducted by comparing the microbial population profiles using SSCP based on rRNA and 
rDNA of samples from raw sludge and the bench top TADs. The SSCP analysis based on 16S 
rRNA should detect the micro-organisms that are dominant and very active metabolically in 
the operating TADs. 
 
2.2 Methods and materials 
2.2.1 Materials 
Fresh primary and secondary sludge in the ratio 55:45 (by volume) obtained from the 
CWWTP, Bromley was used in all the experiments. The sludge ration of 55:45 was selected 
so as to replicate the digestion process in the same manner as carried out by CWWTP, 
Bromley. To identify the active micro-organisms in TADs various experiments were 
conducted; 1) Micredox and FDA; 2) gas production; 3) Cell growth and 4) Comparison of 
SSCP profiles based on 16S rRNA gene and 16S rRNA from the digester and raw sludge 
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samples. The first three experiments were conducted in the laboratory and the fourth was 
conducted on bench top TADs. 
Two bench top anaerobic digesters were constructed using stainless steel, each having 
a volume of 8 L (25.5 cm high x 20.0 cm diameter). The digesters were surrounded by a 
heating coil and were insulated with foam to avoid heat loss. The digesters were kept at 
constant temperature of 55
o
C ± 2
o
C with a temperature controller assembled at the electronics 
laboratory of Lincoln Ventures Ltd, Lincoln University, New Zealand. The digester contents 
were mixed by a stirrer powered by an external motor. The digester contents were mixed for 5 
minutes after every 30 minutes. The digester setup is shown in Figure 2.1. The digesters were 
inoculated and fed with a combination of primary and secondary sludge in a ratio of 55:45. 
The digesters were left unfed for 10 days after start-up and after that they were fed every 
second day with 1 L of sludge with the same volume removed. Stable gas production and pH 
were achieved after two months of digester operation. 
 
 
Figure 2.1 Bench top anaerobic digester set-up 
Temperature control 
box 
Outlet for digested 
sludge 
Inlet for raw 
sludge 
Feeding pump 
Biogas outlet 
Mixer 
Mixer 
motor 
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2.2.2 Micredox and FDA analysis 
The tests were conducted using 15 ml falcon tubes each containing 6 ml fresh sludge 
and 6 ml autoclaved sludge. Each tube was flushed with nitrogen gas before sealing and then 
left in 37
o
C and 55
o
C incubators for five weeks. As a negative control, fresh sludge was 
replaced with sterile, autoclaved sludge. At different time intervals, one falcon tube was taken 
out of the incubators to perform Micredox and FDA analysis. Three subsamples from each 
falcon tube were used in the Micredox and FDA assays. After taking the samples for 
Micredox and FDA, the falcon tubes were stored at –20oC. At the end of the experiment 
SSCP was performed on 16S rRNA gene from samples incubated at 37
o
C and 55
o
C and 
collected on days 5, 10 and 25. 
 
2.2.2.1 Micredox assay 
The procedure used to measure microbial activity of the samples incubated at 
mesophilic and thermophilic temperatures using Micredox has been described previously 
(Tizzard et al., 2004). Usually Micredox is performed at 37
o
C, but in the current study it was 
performed at both 37
o
C and 55
o
C to check if measuring Micredox at 55
o
C gave a higher 
current output. Multi-well plates (24 wells) were used to prepare the Micredox assay. 1 ml of 
the sample was taken out of the falcon tubes incubated at 37
o
C and 55
o
C and was washed 
with 1 ml 0.2M phosphate buffer (pH 6.7 at 23
o
C). Washed sample was re-suspended into 
1ml 0.2M phosphate buffer. Each well of the plate contained 900 µl artificial wastewater, 
325 µl potassium ferricyanide (250 mM KFC III) and 275 µl from the washed samples. Wells 
were flushed with nitrogen gas to create anaerobic conditions. The wells were sealed with 
adhesive acetate sheet. The multi-well plates were then incubated for 2 hours at 37
o
C and 
55
o
C incubators in the dark at 250 rpm. Autoclaved sludge was used as a negative control. 
Artificial wastewater was prepared in the laboratory by dissolving the components in 1 L 
distilled water and was autoclaved before use. The various components used for preparing 
artificial wastewater include; peptone from casein (16.0 g/L), meat extract (11.0 g/L), urea 
(3.0 g/L), NaCl (0.7 g/L), CaCl2.2H2O (0.4 g/L), MgSO4.7H2O (0.2 g/L) and  
K2HPO4 (2.8 g/L). 
After 2 hours of incubation, samples were removed from the wells of the multi-well 
plates and placed in sterile 1.5 ml micro-centrifuge tubes and centrifuged at 14000 x g for  
3 minutes at room temperature. The supernatant was removed and placed in fresh  
micro-centrifuge tubes and placed at 4
o
C for microelectrode amperometry analysis. 
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2.2.2.2 Microelectrode amperometry 
The microbially reduced mediator, which accumulates as a product and registers the 
amount of bioconversion, is the source of the analytical signal. Electro-analytical technique, 
Microelectrode amperometry was used to measure the amount of reduced mediator, thereby 
giving a direct measure of the microbially catalysed substrate oxidation. A 10 µm Pt electrode 
(BAS MF-2005) was used as a working electrode and was polished for 1 min using slurry of 
0.3 µm α alumina powder (LECO Australia Pty Ltd., NSW, Australia) in distilled water on a 
flocked twill polish pad (LECO Australia Pty Ltd., NSW, Australia). After rinsing with 
distilled water, the electrode was sonicated for 5 min in distilled water, and excess water was 
carefully removed by touching the edge of the electrode with a lint-free tissue. The Ag/AgCl 
reference electrode (BAS MF-2079) and auxiliary (Pt wire) electrode were directly immersed 
in phosphate saline buffer supporting electrolyte, contained with a cell vial (BAS MF -1082). 
The 1 ml sample was confined in a separate cell vial (BAS MF – 2031, 2 ml mini cell). The 
working electrode was poised at +450 mV with respect to the Ag/AgCl reference electrode 
and the current was monitored for 10 sec. After each sample was analysed, the working 
electrode was re-polished as described earlier. The mini cell was rinsed with distilled water 
and dried using lint-free tissue. 
 
2.2.2.3 Fluorescein diacetate (FDA) assay 
The protocol used for FDA analysis has been described previously (Honraet et al., 
2005). Fluorescein diacetate (Invitrogen Corporation, Auckland, New Zealand) was dissolved 
in acetone in a concentration of 2 mg/ml and the solution was stored at -20
o
C. Subsequently, 
100 µl of the working solution, prepared by diluting the stock solution 1:50 in PBS  
(PBS; pH 7, 10 mM potassium phosphate), was added to each well of a 96 well microtiter 
plate (Sarstedt cell tissue culture plates 96 well 83.1835.300). A volume of 100 µl from 
samples incubated at mesophilic and thermophilic temperatures, on which Micredox was 
performed, were pipette transferred in triplicate into the wells of 96 well plate. One well, 
filled with 100 µl PBS and autoclaved sludge was used as the control. The wells were sealed 
with adhesive acetate sheet. The 96 well plates were then incubated for one hour at 37
o
C in 
the dark at 250 rpm. 
 The plates were covered with aluminium foil and were incubated at 37
o
C for one 
hour. The fluorescence from the samples was measured using a microtiter plate reader using 
excitation and emission filters of 486 ± 14 nm and 535 ± 25 nm, respectively. 
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2.2.3 Measuring gas production from active micro-organisms 
Twelve glass tubes (40 ml) were used as laboratory scale digesters. Each tube was 
filled with 15 ml fresh sludge and 15 ml autoclaved sludge. All digesters were flushed with 
nitrogen gas before sealing to create anaerobic conditions and were incubated at 37
o
C and 
55
o
C. All the tests were performed in triplicate. Six digesters were incubated overnight at 
70
o
C and then three of them were transferred to 37
o
C and the remaining three were transferred 
to 55
o
C incubators. The digesters were heated overnight on day one at 70
o
C to kill all the 
mesophilic micro-organisms present in the sludge. Each digester was fitted with a 10 µl tip 
into the cap and was connected with 0.8 mm diameter silicon to an inverted 30 ml syringe in a 
glass bottle filled with water to measure the total gas produced. The experiment was run for 
three weeks. On 6
th
 day from the start of the experiment, all the digesters were supplied with  
5 ml of autoclaved sludge as substrate for the micro-organisms. This experiment was based on 
the assumption that higher temperature shock (70
o
C) will kill all the mesophilic  
micro-organisms in the samples and after shifting the samples to thermophilic temperatures, 
only true thermophilic micro-organisms will grow (Ahring et al., 2001). 
 
2.2.4 Measuring cell growth of active micro-organisms 
To measure microbial activity in terms of cell growth, 50 ml glass bottles were used. 
20 µl of sewage sludge was mixed with 40 ml autoclaved sludge. All the glass digesters were 
flushed with nitrogen gas before sealing to create anaerobic conditions and were incubated at 
37
o
C and 55
o
C. All the tests were performed in triplicate. Six digesters were incubated 
overnight at 70
o
C and then three of them were transferred to 37
o
C and the remaining three 
were transferred to 55
o
C incubators. The digesters were heated overnight on day one at 70
o
C 
to kill all the mesophilic micro-organisms present in the sludge. Each digester was fitted with 
a 10 µl tip into the cap and was connected with 0.8 mm diameter silicon to an inverted 30 ml 
syringe in a glass bottle filled with water to measure the total gas produced. The whole 
experiment was run for six weeks. The sludge used as the growth substrate for the micro-
organisms present in the inoculum was autoclaved for 45 mins at 121
o
C in order to destroy all 
DNA. Very small amount of inoculum (20 µl) was used for this study so that at the start of the 
experiment no DNA was detected in the samples. After six weeks for the micro-organisms to 
grow at mesophilic and thermophilic temperatures, population profiling was performed using 
SSCP to compare the dominant micro-organisms at both temperatures. 
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2.2.5 Finding active micro-organisms by comparing 16S rRNA gene and  
16S rRNA population profiles 
To identify dominant active micro-organisms present in the TADs, a comparison was 
made based on 16S rRNA gene and 16S rRNA of the raw sludge and digester sludge samples. 
Two bench top anaerobic digesters were operated at 55
o
C for more than two months. The 
digesters were inoculated with a combination of primary and secondary sludge (55:45) 
collected from CWWTP, Bromley. The digesters were fed every second day with sludge 
stored at 4
o
C. Fresh sludge was collected from CWWTP, Bromley once in a month in 10 L 
containers and was stored at 4
o
C prior to use. Once the digesters achieved stable operation in 
terms of methane output and pH, samples were taken from the digesters for microbial 
analysis. 
 
2.2.5.1 Extraction of genomic DNA and RNA 
Genomic DNA was extracted by the boiling SDS lysis method (Jeffrey et al., 1994) 
with an additional precipitation clean up-step to remove humic substances and PCR inhibitors 
using 3M ammonium acetate with 5 min centrifugation at 14000 g prior to DNA precipitation 
achieved by additions of 1/10
th
 volume of 3M sodium acetate and 2 volumes of 100% ethanol. 
The precipitated pellet was washed with 70% ethanol, dried and resuspended in 10mM Tris 
(pH 8.0). 
RNA was extracted from digester effluent and raw sludge samples using Trizol RNA 
extraction kit (Invitrogen Corporation, Auckland, New Zealand) as per manufacturer‟s 
instructions with some modifications. The cells were lysed using 0.5 g of 0.5 mm silica beads 
in a bead beater instead of heating at 95
o
C. The bead beater was run at maximum speed for  
3 min. Further, extracted RNA was purified by treating it with DNase (DNase I, 
Amplification grade, 1U.µl – Invitrogen Corporation, Auckland, New Zealand). Reverse 
transcription was performed as per the manufacturer‟s manual (SuperScript III First-Strand 
Synthesis SuperMix Invitrogen Corporation, Auckland, New Zealand) before using it for PCR 
amplification. 
 
2.2.5.2 Amplification of 16S rRNA gene 
The primers used for amplification of the V3-4 region of 16S rRNA gene are listed in 
Table 2.1. The primer set B342If/U806Ir was used to amplify the V3-4 region of bacterial  
16S rRNA gene. The archaeal V3-4 fragment was amplified by nested PCR using primers 
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U341If/A1399Ir for the first round and A348If/U806Ir for the second round PCR. Bacterial 
16S rRNA gene and the second round of archaeal PCR involved one cycle of initial 
denaturation at 94
o
C for 3 min, followed by 25 cycles of 93
o
C for 60 sec, 50
o
C for 60 sec and 
72
o
C for 70 sec, followed by a final extension step of 72
o
C for 5 min. 16S rRNA gene 
amplification for the archaeal first round followed the same steps except 35 cycles of 
amplification were used instead of 25 cycles. 
 
Table 2.1 Primers used in this study 
Primer Sequence (5’-3’)a Positionb Target References 
U341If CCTACGGGIIGCIICAG 341-357 Universal (Hansen et al., 1998) 
B342If CTACGGGIGGCIGCAGT 342-358 Bacteria (Watanabe et al., 2001) 
A348If GGIGCAICAGGCGCGAAA 348-365 Archaea (Casamayor et al., 2002) 
U806Ir
c
 GGACTACCIGGGTITCTAA 788-806 Universal (Takai & Horikoshi, 2000) 
A1399r GTGTGTGCAAGGAGCAG 1383-1399 Archaea (Hansen et al., 1998) 
a
 I, inosine 
b
 The numbering is based on E.coli 16S rRNA gene 
c
 The primer 5‟ end was phosphorylated for lambda exonuclease degradation 
 
2.2.5.3 SSCP analysis 
SSCP analysis was carried out according to the procedure described by 
Schmalenberger & Tebbe (2003). PCR amplified products were purified by ethanol 
precipitation, quantified on a NanoDrop spectrophotometer (NanoDrop Technologies, USA), 
adjusted to equal concentration (30 ng/µl in 50 µl volume) and converted into single-strand 
DNA by enzymatic digestion with 10U lambda exonuclease (New England Biolabs, USA) for 
45 min at 37
o
C followed by phenol/chloroform extraction and ethanol precipitation. Purified 
single strand DNA was resuspended in 10 µl 10mM Tris (pH 8.0), mixed with 10µl 
denaturing loading buffer (95% [vol/vol] formamide, 10mM NaOH, 0.025% [wt/vol] 
bromophenol blue), boiled for 2 minutes and cooled immediately on ice. SSCP was achieved 
by electrophoresis through a 20 x 20 x 0.1 cm acrylamide gel (8 ml of 40% acrylamide/bis 
[37.5:1], 8 ml 5x TBE, 2.8 ml 100% glycerol, 40 µl Tetramethyl ethylene diamine (TEMED), 
400 µl 10% [wt/vol] ammonium persulphate and 20.8 ml dH2O). Electrophoresis was 
performed at room temperature for 20 hours in a running buffer of 0.5X Tris-borate-EDTA 
(TBE). DNA in the gel was visualised by silver staining. 
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2.2.5.4 Sequence analysis 
The selected bands were excised with a clean sterile scalpel blade and the single strand 
DNA eluted from the gel by incubation in STE (10 mM Tris (pH 8.0), 1 mM EDTA, 100 mM 
NaCl, 1% SDS) at 37
o
C for 3 hour followed by overnight freezing at 20
o
C. Eluted DNA was 
precipitated with 100% ethanol and resuspended in 10 mM Tris. PCR re-amplification was 
performed using archaeal second round primers for the archaeal DNA and bacterial primers 
for the bacterial DNA before sending for sequencing. The 16S rRNA gene sequences were 
identified by BLAST comparison to the NCBI GenBank nucleotide collection. 
 
2.3 Results and discussion 
2.3.1 Measurement of active micro-organisms using Micredox and FDA 
2.3.1.1 Micredox  
The Micredox assay is usually performed at 37
o
C, but in the present study it was 
performed at both 37
o
C and 55
o
C to ensure that respiration was measured from thermophilic 
micro-organisms and thermophilic adapted micro-organisms. Hence, micredox assay was 
performed at both 37
o
C and 55
o
C on samples taken from 37
o
C and 55
o
C incubators. The 
Figure 2.2 shows the current measured at both 37
o
C and 55
o
C from the samples incubated at 
both temperatures. The differences between the current measured from 37
o
C and 55
o
C 
incubator samples were shown to be significant as measured by a paired t-test (P<0.001). 
The activity over 35 days, which was measured in terms of current produced by the 
micro-organisms that have been incubated at 55
o
C, drops to a much lower level than the 
activity of the micro-organisms that have been incubated at 37
o
C. The activity measured by 
micredox at both temperatures suggests that many of the micro-organisms that would 
normally be active at 37
o
C have been inactivated by the higher temperature treatment. It was 
expected that the thermophilic micro-organisms would be active in thermophilic samples 
which would reduce more mediator and will give higher signal compared to the signal from 
mesophilic samples, but that did not happen. Signal from the thermophilic samples dropped 
down to very low levels during the first few days of incubation. 
However the thermophilic temperatures did not completely and immediately inactivate 
all the organisms. Over the first 5 days of the treatment, the activity measured by micredox 
declined abruptly. For the remaining time period of the heat treatment, the activity measured 
declined steadily to a low point which was still slightly higher than the negative control 
(produced between 15-21 nA of current) and was maintained over the next 30 days. This 
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residual activity presumably either comes from a relatively small group of active thermo-
tolerant and/or thermophilic micro-organisms or it may represent a low level of activity from 
a large group of mesophilic micro-organisms whose activity is considerably suppressed by the 
elevated temperature. 
 
 
 
 
Figure 2.2 Current signal produced from the samples incubated at 37
o
C and 
55
o
C. A: Micredox performed at 37
o
C on samples incubated at 37
o
C and 55
o
C. B: 
Micredox performed at 55
o
C on samples incubated at 37
o
C and 55
o
C. Results are 
expressed as means ± std error, n=3. 
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It is emphasised that this method has obvious limitations. The biosensor based assay 
called Micredox was originally developed for biochemical oxygen demand (BOD) 
monitoring. To date, Micredox has been demonstrated using three micro-organisms 
(Escherichia coli, Bacillus subtilis and Pseudomonas putida) for toxicity assessment of DCP 
(3,5-dichlorophenol) (Tizzard et al., 2004) whereas sewage sludge contains mixture of micro-
organisms such as fermentative, hydrolytic, acetogenic bacteria and methanogenic archaea. 
Additionally, the Micredox® assay only measures respiration, which is not the main 
metabolism available to micro-organisms in anaerobic digesters. Indeed, activity in an 
anaerobic digester relies primarily upon fermentation and methane production; neither can be 
measured by the Micredox® assay. 
 
2.3.1.2 FDA  
Fluorescein diacetate analysis was performed on the same samples on which Micredox 
was performed. Fluorescein diacetate, when hydrolysed by the cellular esterases of living 
cells exhibit fluorescence, measured using a plate reader. The fluorescents units measured 
using the plate reader from the given samples is considered to be proportional to the number 
of living cells in a sample. Figure 2.3 shows the results from the FDA analysis of the samples 
incubated at 37
o
C and 55
o
C. 
Immediately after the start of the experiment, an initial decrease in the number of 
fluorescent units was seen from the samples incubated at 37
o
C and 55
o
C temperatures. 
However, this effect was not permanent and after 10 days the fluorescent units started to 
increase from both the samples, although the increase was higher from the samples incubated 
at 37
o
C compared with samples from the 55
o
C incubator. The reason for rise in fluorescent 
units from both the samples at the same time is not clear. There is a possibility that same 
groups of micro-organisms present in the samples at both temperatures were able to hydrolyse 
the FDA and were more affected at 55
o
C rather than 35
o
C. Comparing the FDA results with 
Micredox results, it is not clear whether there is re-growth or any kind of physiological 
adjustment of the micro-organisms and results obtained using both techniques were found to 
be contradictory. While higher fluorescent units were measured after the 10
th
 day, suggesting 
increase in amount of active cells, the activity measured by Micredox showed a decrease. 
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Figure 2.3 Amount of fluorescent units measured over 30 days from samples 
incubated at 37
o
C and 55
o
C. Mesophilic samples exhibit higher fluorescence. 
Results are expressed as means ± std error, n=3. 
This technique has some limitations and is not a direct method for finding out active 
anaerobic micro-organisms either at mesophilic and thermophilic temperatures. FDA is 
known to be hydrolysed by some bacteria (Chrzanowski et al., 1984; Lundgren, 1981), fungi 
(Honraet et al., 2005), algae (Gilbert et al., 1992) and rotifers (Moffat & Snell, 1995) and thus 
is a potential indicator of the total esterase activity of given samples. However, many bacteria 
are unable to transport fluorescein diacetate into the cell; the fluorescence emission tends to 
be weak and sample solution tends to be high in fluorescence due to the auto fluorescence of 
abiotic particles in many samples (Lundgren, 1981; Rodriguez et al., 1992). The hydrolysis of 
fluorescein diacetate is primarily a function of cellular esterase activity and therefore, it does 
not necessarily provide useful information about the activity or growth of a bacterium. 
FDA assay is mostly useful in distinguishing actively respiring aerobic bacteria from 
abiotic particles and other background substances (Rodriguez et al., 1992). The application of 
FDA was found to be simpler giving reproducible results when applied to aquatic systems 
than activated sludges (Fontvieille et al., 1992). Sewage sludge does not only contain 
anaerobic micro-organisms but may also contain fungi, aerobic bacteria, algae, rotifers, etc 
which can also hydrolyse FDA exhibiting fluorescence and thus can give higher number of 
fluorescence units. Thus this method failed to provide information about metabolically active 
anaerobic micro-organisms in the sludge samples. 
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2.3.1.3 SSCP profile of samples used for Micredox and FDA analysis 
To compare the dominant microbial population profiles in the samples incubated at 
37
o
C and 55
o
C, SSCP was performed on 16S rRNA gene at the end of Micredox and FDA 
experiments (Figure 2.4). Similar population profiles were observed for the archaeal and 
bacterial groups at both temperatures. The major archaeal bands sequenced were closely 
related to mesophilic archaea in both mesophilic and thermophilic samples (Table 2.2). But it 
is not clear from the results that these identified dominant micro-organisms were active at 
thermophilic temperatures. The SSCP analysis performed was based on the DNA from the 
samples which could be found in active or inert micro-organisms. The dominant archaeal and 
bacterial micro-organisms found in this study have been previously found in mesophilic 
anaerobic digesters treating municipal sewage sludge (Kobayashi et al., 2008; Sekiguchi et 
al., 1998). 
 
Table 2.2 Sequence results for bacterial and archaeal bands 
Bands Closest  possible match Similarity Accession No. 
1 Clostridium sp. 93% FJ815191.2 
2. Uncultured betaproteobacterium 90% CU926945.1 
3. Uncultured Firmicutes bacterium 89% GQ406191.1 
4. Methanobacterium formicicum 96% M36508.1 
5. Methanobrevibacter smithii 96% NR044786.1 
6. Methanosaeta concilli 97% CP002565.1 
7. Uncultured Methanosaeta sp. 95% GU179471.1 
8. Uncultured Methanosarcina sp. 83% HQ141852.1 
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Figure 2.4 PCR-SSCP profile of samples incubated at 37
o
C and 55
o
C. A: 
Bacterial population profile, B: Archaeal population profile. Lanes a, b, and c are 
from samples incubated at 55
o
C and lanes d, e and f are from samples incubated 
at 37
o
C. Bands labelled from 1 to 8 were sequenced. 
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2.3.2 Measuring activity in terms of gas production 
This experiment involved treating some samples at 70
o
C overnight, considered as the 
upper limit for thermophilic anaerobic digestion, so that heat treatment will deactivate all the 
mesophilic micro-organisms present in the sample. It was thought that after heat treatment 
micro-organisms having optimum growth temperature in the thermophilic range would 
survive and would produce gas once the samples shifted to thermophilic temperatures on 
second day. Samples incubated at 70
o
C overnight were shifted to mesophilic and thermophilic 
temperatures on second day. This method was adopted because previously used techniques 
such as the Micredox and FDA analysis failed to give any clear picture about the active 
micro-organisms at thermophilic temperatures. 
Effect of temperature can be clearly seen on the digestion process from the total gas 
produced from samples incubated at different temperatures (Figure 2.5). Maximum gas was 
produced from the samples incubated at thermophilic temperatures; however, the methane 
content (Table 2.3) was lower compared with samples incubated at mesophilic temperatures. 
The gas production from thermophilic samples decreased steadily and remained low over the 
next two days. A small amount of activity was observed on day four from thermophilic 
samples, showing some sign of adjustment among the micro-organisms. Over next few days 
the gas production dropped down to lower levels, whereas, the mesophilic digesters produced 
gas until day 6. It was assumed that the samples stopped producing gas due to limited 
substrate, so autoclaved sludge as substrate was given to all the samples (marked with arrow 
in Figure 2.5). A quick response was seen from the mesophilic and thermophilic samples 
towards substrate addition. However, the samples incubated overnight at 70
o
C failed to 
produce any gas after substrate addition, suggesting that heat shock might have killed all the 
micro-organisms. The digesters incubated at 37
o
C and 55
o
C since the start of experiment 
responded to the feed instantly and started producing gas. Till day 6 before adding the 
substrate, the total gas production from mesophilic digesters (30.83 ml) was higher than that 
from thermophilic digesters (27.1 ml). 
The samples incubated overnight at 70
o
C produced very small amount of gas 
compared to samples at 37
o
C and 55
o
C and did not produce any gas even when they were 
shifted back to 37
o
C and 55
o
C incubators. No gas production was observed from these 
digesters when after day 6 they were fed with autoclaved sludge suggesting that higher 
temperature might have killed virtually all the micro-organisms. This is consistent with there 
being relatively few true thermophilic micro-organisms present in the inocula and would 
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suggest that gas production seen at thermophilic temperatures was coming from micro-
organisms that were physiologically adjusted to the higher temperatures. 
 
 
Figure 2.5 Total gas produced daily from samples incubated at different 
temperatures, 55
o
C, 37
o
C, 70
o
C to 55
o
C and 70
o
C to 37
o
C. Each point represents 
the mean of three individual independent repeats incubated at different 
temperatures. Gas production was in ml/day.  
 
Table 2.3 Methane and carbon-dioxide concentrations. 
37
o
C 55
o
C 
Day CH4 (%) CO2 (%) CH4 (%) CO2 (%) 
1 13 58 8 62 
4 26 43 13 59 
8 29 40 15 58 
 
Gas samples were taken from the digesters on day 1, 4 and 8 for methane and carbon-
dioxide analysis (Table 2.3). Gas samples were sent to soil laboratory at Lincoln University, 
where they were analysed for methane and carbon dioxide using gas chromatography. 
Although there was not much methane produced from the samples, a higher percentage of 
methane was measured from samples incubated at mesophilic temperatures compared with 
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thermophilic samples suggesting that the methanogens established quickly in mesophilic 
samples compared with thermophilic samples. The volume of gas produced from the samples 
which were incubated overnight at 75
o
C was not sufficient to be sent for methane and carbon-
dioxide analysis. 
 
2.3.3 Measuring activity in terms of cell growth 
This experiment was started with a very small amount of inoculum mixed with 
autoclaved sludge as a growth substrate. Autoclaved sludge was used as no DNA can be 
detected by PCR from this substrate, thus the DNA detected at the end of the experiment will 
be from the progeny of those micro-organisms present in the inoculum. PCR was performed 
on 16S rRNA gene using different volumes of inocula ranging from 1 µl to 50 µl. No DNA 
was detected by PCR using 20 µl and lower volumes of inocula (Figure 2.6). Therefore, 20 µl 
of inocula was used with DNA free autoclaved sludge for the experiment. After six weeks 
incubation, microbial population profiling was carried out using PCR-SSCP to compare the 
microbial growth at mesophilic and thermophilic temperatures. 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 PCR amplification of 16S rRNA gene to find out suitable inoculum 
volumes. Lanes labelled from 1 to 10 represents the size of inoculum used 1 µl, 3 
µl, 5 µl, 10 µl, 20 µl, 50 µl, raw sludge, autoclaved sludge DNA, raw sludge DNA, 
negative control no DNA, respectively. 
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The archaeal population profile of the samples incubated at 37
o
C and 55
o
C is shown in 
Figure 2.7. There was no archaeal DNA detected by PCR from the samples incubated 
overnight at 70
o
C suggesting that the heat treatment might have killed all the micro-
organisms. 
 
 
Figure 2.7 SSCP population profile based on archaeal 16S rRNA gene from 
samples incubated at 37
o
C and 55
o
C. Lanes a, b, c are from samples incubated at 
55
o
C and lanes d, e, f are from samples incubated at 37
o
C. Bands labelled from 1 
to 4 were sequenced. 
Some differences in the bands were observed when the archaeal population profile of 
samples incubated at mesophilic (37
o
C) was compared with the profile of samples incubated 
at thermophilic (55
o
C) temperatures (Figure 2.7). The labelled bands were sequenced and 
only one band (band 1) matches closely with the thermophilic archaea Methanothermobacter 
thermoautotrophicus (98% similarity) seen in the thermophilic archaeal profile. The other 
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bands (band 2, 3 and 4) were found to be closely associated with Methanosaeta concilli, 
Methanobacterium formicicum and uncultured Methanosarcina, which are found to dominate 
mesophilic anaerobic digesters. The results so far suggest that there are some mesophilic 
species which can still retain their activity at thermophilic temperatures. There are 
thermophilic species which are present in the sewage sludge at subdominant levels and 
become active when subjected to optimum growth temperatures. Similar results are reported 
earlier which supports the finding of the current research (Chackhiani et al., 2004). But still it 
is unclear to what extent the mesophilic micro-organisms who dominate the sewage sludge 
continually being fed into the thermophilic digesters, contribute to the digestion process and 
to what extent they merely serve as food for the developed thermophilic populations. 
 
2.3.4 Measuring activity by comparing population profile of raw and digester sludge 
based on 16S rRNA gene and 16S rRNA 
To identify metabolically active micro-organisms in TADs, PCR-SSCP was performed 
on 16S rRNA. Samples were taken from raw sludge and bench top TADs to compare the 
SSCP population profiles based on 16S rRNA and 16S rRNA gene. The bench top digesters 
were inoculated and fed with raw sludge every second day. Samples were taken from the 
bench top digesters once stable pH and methane output was achieved, 2 months after the  
start-up of the digesters. 
The archaeal population profiles based on 16S rRNA gene from the digester effluent 
(Figure 2.8, lane b) and raw sludge (Figure 2.8, lane d) showed no difference, whereas some 
differences were observed when the 16S rRNA profiles between the digester effluent  
(Figure 2.8, lane a) and raw sludge (Figure 2.8, lane c) were compared. The distinct bands 
which were seen only in digester effluent RNA samples, bands 1 and 2 were closely related to 
thermophilic archaea Methanothermobacter thermoautotrophicus (95% similarity) and 
Methanosarcina thermophila (93% similarity), respectively. Comparing the RNA and DNA 
profile (Figure 2.8, lane a, b, e and f), showed similarity, suggesting that most of the DNA 
was coming from the active micro-organisms. The presence of thermophilic methanogens in 
the digester sample suggested that over a long period of time, these methanogens will 
eventually dominate and control the thermophilic digestion process. 
The bacterial population profiles were all almost indistinguishable (Figure 2.8, lanes e, 
f, g, h). The sequenced bands (Figure 2.8, bands 3, 4, & 5) matched closely to  
Acinetobacter sp., Bacillus pumilus, and uncultured betaproteobacterium. 
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Figure 2.8 Comparison of 16S rRNA gene and 16S rRNA population profiles 
from raw sludge and digester effluent. Lanes a, b, c, and d represents archaeal 
population profiles and e, f, g, and h represents bacterial population profiles. 
Lanes a & e digester RNA; b & f digester DNA; c & g raw sludge RNA; d & h 
raw sludge DNA. Bands labelled from 1 to 5 were sequenced. 
 
2.4 Conclusions 
In the present study, combinations of different methods were adopted to find the active 
micro-organisms in TADs, run under the conditions proposed by the Christchurch City 
Council. The hypothesis that the mesophilic micro-organisms that dominate the feed sludge, 
retain their activity when fed to the TADs appeared to be true. 
a             b                      c          d          e         f           g         h 
1 
2 3 
4 
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Identifying the active fraction of a complex microbial community is not a straight 
forward process. There are techniques and assays available for measuring the active microbial 
populations in aerobic environments. Finding metabolically active anaerobic micro-organisms 
in sewage sludge is very challenging. Nucleic acid fingerprinting techniques based on PCR 
targeting 16S rRNA gene such as SSCP offer major advantage and provide quick snapshot of 
dominant microbial populations in a given sample (Hong et al., 2007). Although the 
fingerprinting techniques such as SSCP are relatively less labour intensive than other profiling 
approaches such as cloning and sequencing, these techniques are only capable of giving a 
snapshot of the dominant microbial populations. 
The results from various experiments suggested that the mesophilic micro-organisms 
dominating the sewage sludge retain their activity at thermophilic temperatures. However, 
with time the thermophilic micro-organisms which are present at subdominant levels in the 
sewage sludge may grow and get establish in the TADs. In a previous study, it has been found 
that thermophilic micro-organisms present at sub-dominant levels in the cattle manure 
become active when subjected to optimal growth conditions (Chackhiani et al., 2004). 
Mesophilic archaea have also been previously found dominant in full scale TADs as revealed 
by using PCR-DGGE technique (Weiss et al., 2008).  
The microbial growth experiment and RNA analysis suggested that mesophilic micro-
organisms were still active in TADs. This result appears to hold true as methane production 
was observed within a week from the bench top digesters, although methane production was 
not stable and did not contain a high percentage of methane. So, if thermophilic populations 
take time to fully establish in TADs, this early production of methane from the digesters 
might be from combined activity of mesophilic and thermophilic micro-organisms present in 
TADs. 
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     Chapter 3 
Effect of elevated lipid loads on thermophilic anaerobic 
digester performance 
3.1 Introduction 
Lipids are widely found in sewage and industrial wastewaters and their amount is 
increasing every year due to urbanization. Restaurants, food industries and households are 
significant contributors of lipids in wastewaters. The disposal of the wastewaters containing 
high lipid concentrations has serious impacts on the environment. Lipids form a film over the 
water and make oxygen transfer difficult, thus affecting the survival of aquatic plants and 
animals (Mongkolthanaruk & Dharmsthiti, 2002). Lipids pass through physio-chemical 
treatment processes and contribute to the levels of BOD (biological oxygen demand) and 
COD (chemical oxygen demand) in the effluents (Chang et al., 2001; Chipasa & Medrzycka, 
2006; Keenan & Sabelnikov, 2000). Thus biological treatment processes are commonly 
employed to remove emulsified lipids from the wastewaters. The treatment of wastewaters 
rich in lipids can be accomplished by aerobic or anaerobic digestion. Anaerobic digestion is 
the biological degradation of organics into carbon dioxide and methane, while aerobic 
digestion oxidizes organics to carbon dioxide and water using oxygen. Anaerobic treatment is 
favoured over aerobic treatment as less energy is required and the end product, methane, can 
be used for energy production. 
Lipids are degraded by a specific anaerobic chain reaction, which is different from that 
of carbohydrates and proteins. In the first step, the lipids are hydrolysed into free long chain 
fatty acids (LCFAs) and glycerol. This process is catalysed by extracellular lipases that are 
excreted by hydrolytic bacteria. Further, glycerol is converted to acetate by acidogenesis, 
while the free LCFAs are converted into acetate (or propionate in the case of odd number 
carbon LCFAs) and H2 by acetogenic bacteria through β-oxidation process  
(Masse et al., 2002). The oxidation process is thermodynamically favourable only when low 
partial pressures of H2 are maintained. Thus the process is dependent on hydrogenotrophic 
methanogens to utilize the H2 produced during fatty acid oxidation. 
Although it is well known that lipids can be degraded by biological processes, they have 
been reported to inhibit both aerobic and anaerobic waste treatment processes, causing sludge 
flotation and active biomass wash-out (Chipasa & Medrzycka, 2006; Cirne et al., 2007). The 
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LCFAs have been reported to have an inhibitory effect on both acetoclastic and 
hydrogenotrophic methanogens (Angelidaki & Ahring, 1992) and such inhibition was 
considered to be irreversible. This inhibitory effect was attributed to permanent toxicity 
resulting from cell damage affecting both syntrophic acetogens and methanogens (Hwu et al., 
1998). Under these conditions the anaerobic digestion process is jeopardized, presenting 
operational problems and inefficiencies. 
Later however, it has been found that anaerobic consortia were able to mineralize the 
LCFAs and demonstrated that methanogenesis inhibition was a reversible phenomenon more 
likely to be related to physical transport limitations than to metabolic functions (Pereira et al., 
2004; Pereira et al., 2005). This opens new prospects in anaerobic digestion for treating 
wastes and wastewaters containing lipids. The anaerobic digestion of lipids alone is not 
practically feasible and economical due to the likelihood of small amounts of lipids produced 
and high likelihood of LCFA inhibition (Chipasa & Medrzycka, 2006; Cirne et al., 2007). 
Therefore, there is an increased interest in co-digesting the lipids with other wastes. 
Anaerobic co-digestion is reported to offer several benefits over digestion of individual 
waste materials. These benefits include increased cost-efficiency (single digester for several 
wastes), increased degradation of the treated materials due to synergistic effects, optimal 
moisture and nutrient content and dilution of inhibitive compounds such as ammonia and 
increased biogas production (Mata-Alvarez et al., 2000). Anaerobic co-digestion of sewage 
sludge with other wastes such as source-sorted organic fraction of municipal solid waste 
(Edelmann et al., 2000), grease trap sludge (Luostarinen et al., 2009), municipal solid waste 
(Stroot et al., 2001) and lipids waste from milk processing plant (Martinez et al., 2011) has 
been reported. A significant increase in the production of methane, from 25 to 50 m
3 
CH4/m
3
 
was observed when fish oil with a total concentration of 5% was added to the digester treating 
manure (Angelidaki & Ahring, 1992). 
Generally, the anaerobic digestion of lipid rich wastewaters can be accomplished either 
at mesophilic (30-37
o
C) or thermophilic (50-60
o
C) temperatures. Mesophilic anaerobic 
digestion requires long retention times and is not as efficient in volatile solids reduction and 
deactivation of pathogenic organisms as thermophilic anaerobic digestion. To overcome these 
limitations, interest in thermophilic digestion, using higher metabolic rates of thermophilic 
micro-organisms has increased (Gannoun et al., 2009). However, thermophilic digestion is 
more sensitive to operational conditions, such as temperature, and organic loading rate, as 
well as to the characteristics of the input sludge (Baere & Mattheeuws, 2010; Kim et al., 
2002). But recently more positive reports on thermophilic anaerobic digestion have been 
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published (Ferrer et al., 2010). Moreover anaerobic digestion of lipids at thermophilic 
temperatures is considered to be more promising due to the increased solubility of lipids at 
higher temperatures and higher gas production rates (Palatsi et al., 2010). 
Recently, two new anaerobic digesters have been installed at CWWTP, Bromley to 
operate at thermophilic temperatures (50-60
o
C). Given the reputation that TADs have for 
process instability, there is some concern over the stable operation of the new digesters. Due 
to recent changes in the waste disposal regulations from commercial establishments, it is 
anticipated that in future the plant will have to deal with the fluctuations in the concentration 
of lipids at the plant. After the physio-chemical processes, the sewage sludge, which may 
contain varied levels of lipids, will be treated in these newly built TADs. These fluctuations in 
the composition of sewage sludge may tend to increase digester process instability as lipid 
rich waste cause operational problems due to clogging, decrease in pH due to high fatty acid 
production and also cause mass transfer problems for soluble substrates as they get absorbed 
to the biomass surface (Pereira et al., 2004). It is also realistic to consider possible transient, 
occasional, accidental or even on purpose increase in the lipid content of the input waste. 
Most of the studies done previously were focussed on co-digestion of various types of 
wastes and were done at mesophilic temperatures (Davidsson et al., 2008; Luostarinen et al., 
2009; Neves et al., 2009; Silvestre et al., 2011). There are few studies done at thermophilic 
temperatures. The main focus of these studies has been to check the effect of higher 
temperature on degradability of the lipids when co-digested with other wastes (Angelidaki & 
Ahring, 1997; Choorit & Wisarnwan, 2007; Kabouris et al., 2009; Martin-Gonzalez et al., 
2011). All the investigations were done either on effluent from the oil mills or co-digesting 
the effluents from oil mills with other wastes. While micro-organisms involved in degradation 
of lipid rich wastes are believed to get acclimatised to high lipid concentrations when the 
digesters are fed continuously with lipid-rich waste (Palatsi et al., 2010; Pereira et al., 2004; 
Pereira et al., 2005), this may not hold true when there are fluctuations of lipids in 
wastewaters. 
Thermophilic anaerobic digester process stability, when the digester is given a sudden 
lipid shock with the input sludge has not been studied. A single study focussed on mesophilic 
anaerobic digester performance when fed with an intermittent input of lipids mixed with cow 
manure. An intermittent pulse of 5% lipids by volume of the feed sludge was found to 
enhance methane output and further increasing the lipid load led to drop in pH (pH-6.5), 
inhibiting methanogenesis (Neves et al., 2009). It is possible that lipids adsorbed, 
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accumulated or entrapped onto the biomass promoted a physical/chemical barrier delaying the 
transfer of substrates and release of products (Pereira et al., 2005). 
In the current study, laboratory scale TADs, treating municipal sewage sludge, were 
given a sudden lipid shock mixed with the input sludge and digester process stability was 
measured. It was hypothesized that an increase in lipid volumes would increase the methane 
output and this increase in lipid volumes would be carried out to certain limit beyond which it 
would cause process instability due to accumulation of intermediate products and thus 
inhibiting methanogenesis. Thermophilic anaerobic digester process stability was measured in 
terms of their resistance and resilience towards changes in the feed composition by varying 
amount of lipids in the input feed. Time taken for the pH to recover back to its original 
conditions was used as the measure of process stability. pH is considered one of the principal 
parameters in governing the process stability of the anaerobic digestion process (El-Mashad et 
al., 2004; Vlissidis & Zouboulis, 1993). The optimal pH for methane production lies in the 
range of 6.8-7.5. When the pH in the digester goes below 6.0 or above 8.0 the methane output 
declines rapidly (El-Mashad et al., 2004). Digester methane output was used as the measure of 
productivity. 
 
3.2 Methods and materials 
3.2.1 Digester operation 
Municipal sewage sludge was used as an inoculum and feed source for the TADs. The 
sludge was collected from CWWTP, located at Bromley in Christchurch, New Zealand. The 
sludge was a combination of primary and secondary sludge in 55:45 (by volume) ratio 
approximately. Fresh sludge was collected once a month in ten litre bottles and was stored at 
4
o
C before use. The waste canola cooking oil collected from Lincoln Hospitality, Lincoln 
University, Canterbury, New Zealand was used as a lipid source. 
Two bench top anaerobic digesters were constructed and operated as described 
previously in Chapter 2, section 2.2.1. The digester contents were mixed by pumping the 
contents from the bottom of the digesters through an external pipe coiled around the digesters 
and back into the top of the digesters for 2 mins after every 10 mins. The digester setup was 
exactly the same as shown in Chapter 2 Figure 2.1, with a different mixing method. The 
digester contents were mixed by pumping sludge from the bottom of the digester, around an 
external pipe, and back into the top of the digester using a peristaltic pump.      
 54 
3.2.2 Experimental setup 
Three sets of experiments were conducted, each in duplicate, by increasing the amount 
of lipids in the feed sludge. Feed was prepared by adding lipids to the sludge and then mixed 
thoroughly in a kitchen blender for five minutes at maximum speed. Feed formulations for the 
test digesters and control digesters are given in Table 3.1. For testing 15% lipids, 150 ml of 
oil was mixed with 850 ml of fresh sludge. Once stable methane output was achieved, the 
digesters were fed with varying amounts of oil in the feed sludge. Before giving the lipid 
shock to the digester, digester contents of both the digesters were mixed well together so as to 
bring the pH values to the same levels. During the first experiment, one digester served as 
control digester which was fed with normal sludge and the other digester served as the test 
digester fed with increased lipids load. In the second experiment, the digester which served as 
control in the first experiment was used as test and test digester was used as control digester. 
After giving the lipid shock, the digesters were fed with normal sludge every second day. 
The pH was measured by pH meter initially every three hours after lipid shock and 
then twice a day. The biogas produced by the digesters was collected separately over water in 
floating gas collectors. 
 
Table 3.1 Feed formulations for various experiments 
Experiment 15% lipids 25% lipids 35% lipids 
Test  150 ml oil+850 ml 
sludge 
250 ml oil+750 ml 
sludge 
350 ml oil+650 ml 
sludge 
Control  1000 ml sludge 1000 ml sludge 1000 ml sludge 
 
 
3.2.3 Microbial analysis 
To identify the effect of lipids on the population of the dominant micro-organisms, 
microbial population profiling was done using PCR-SSCP based on 16S rRNA gene. The 
methodology adopted for DNA extraction, amplification, SSCP and sequence analysis was 
the same as described in Chapter 2 sections 2.2.5.1, 2.2.5.2, 2.2.5.3 and 2.2.5.4. 
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3.3 Results and discussion 
3.3.1 Effect of lipids shock on pH stability 
Before the addition of lipids, the digesters were running in stable conditions 
maintaining pH in the range of 7.1- 7.5 and average daily biogas output of 3.5 L with average 
68.5% methane content. The effect of addition of different lipid concentrations on digester pH 
is presented in Figure 3.1. Initial decrease in pH was observed when the lipids were added in 
all the experiments. Under the both experimental repeats, graphs clearly show that the 
digesters given 15% lipid shock recovered quicker than the 25% lipid shock followed by 35% 
lipid shock. In order to check if the difference in pH recovery rates after the lipids shock is 
significantly different, one way ANOVA using GenStat V11 was used to perform the 
statistical analysis. ANOVA was performed on the pH mean values of different lipid 
concentrations for the last five days when it was expected that the pH recovery rate would 
come closer to the pH of the control digester. It was found that the calculated F value (442.04) 
was much higher than the corresponding table F value (2.81) based on the significance level 
and degrees of freedom giving the probability value of almost zero (P = 5.8E-12). Thus 
rejecting the null hypothesis of equal means, it was concluded that there is a significant 
difference in the pH recovery rates after lipid shock in different concentrations. The ANOVA 
tables for the statistical analysis are listed in Appendix A.  
Addition of 15% lipids by volume to digester caused rapid drop in pH from 7.38 to 6.3 
within ten hours of lipids input. This rapid drop in pH suggests that the microbial 
communities present in the digester reacted actively to the lipids. The digester pH recovered 
back to optimum conditions within in a week. The control digester pH remained with the 
range of 7.1 and 7.5 for all the experiments. The digesters given 15% lipids recovered quicker 
than the digester given higher concentrations of lipids.When higher lipids shock was given, 
the pH decrease was slower compared with the response to 15% lipids. The response of 
bacterial communities was slow in terms of breaking down the lipids and fatty acids 
production. This explanation is supported by the slow increase in the VFAs production (Table 
3.2). It took more than 10 days for the digester to recover after 25% lipids shock. However, 
the digester recovered from the lipids shock by itself without the addition of base and 
suspension of feed to the digester. 
The pH dropped slowly to low levels when 35% lipid shock was given compared with 
15% and 25% lipid shock and remained at low levels throughout the rest of the experiment. 
The pH did not return back to normal without addition of base (sodium hydroxide). The slow 
drop in pH after lipids shock correlated well with the slow increase in the VFAs (Table 3.2), 
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suggesting that higher lipid volumes inhibited the hydrolytic and fermentative bacteria. 
Similar lag periods in lipid digestion have been observed previously (Neves et al., 2009). This 
inhibition of lipids breaking bacteria is possibly due to the adsorption of lipids and long chain 
fatty acids onto the biomass (Pereira et al., 2005). The accumulation of VFAs at higher lipid 
concentrations found in the present study is in accordance with previous studies where higher 
concentrations of propionate and acetate in TAD resulted due to higher organic loading (Fang 
& Chung, 1999; Kim et al., 2002; vanLier, 1996). 
   
 
 
 
 
 
 
 
Figure 3.1 Effect of lipids shock on pH stability. Data shown in (A) and (B) is the 
data obtained from two independent repeats of the same experiment. 
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Table 3.2 Fatty acid profile of digester effluent before and after lipid shock 
 Acetic Propionic Butyric Iso-Butyric 
A. 15% lipid     
Before lipid shock
a
 624 489 35 13 
1 1243 1362 92 109 
3 1042 1146 89 96 
6 848 1082 43 56 
10 562 968 65 30 
14 385 765 52 31 
     
B. 25% lipid     
Before lipid shock
a
 782 634 41 38 
1 1035 965 113 95 
3 1395 1535 135 123 
6 1216 1358 156 118 
10 835 1149 123 94 
14 632 1009 138 78 
     
C. 35% lipid     
Before lipid shock
a
 658 735 63 55 
1 953 641 91 79 
3 884 1138 186 148 
6 1167 1526 461 159 
10 1989 1965 427 231 
14 1835 2085 235 138 
Fatty acid samples: 
a
samples taken prior to lipids dose; numbers representing the 
days on which samples were taken. A-samples after 15% lipids shock, B-samples 
after 25% lipids shock, C-samples after 35% lipids shock. All data is in mg/L. 
 
3.3.2 Effect of lipids shock on methane output 
It has previously been reported that co-digestion of lipids with other wastes improves 
biogas output (Mata-Alvarez et al., 2000; Neves et al., 2009). This result was also observed in 
the current experiments when the digesters were fed with 15% and 25% lipids (Figure 3.2). 
Before the lipid shock the digesters were producing average daily biogas of 3.7 L with an 
average an average methane content of 68.3%. The difference in the biogas production was 
found to be significant after giving different lipids shock. The calculated F value (195.24) was 
much higher than the corresponding table F value (2.80) based on the significance level and 
degrees of freedom giving the probability value of almost zero (P = 7E-10). The statistical 
analysis was performed using one way ANOVA. The ANOVA tables for the statistical 
analysis are listed in Appendix A. 
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There was a slight decrease in methane content of the biogas but it recovered back to normal 
within a week. There was a delay in response of the microbial populations to the 25% lipid 
shock. The observed delayed start in methane production after 25% lipid shock was expected 
as the LCFA, a degradation product of lipid rich waste, is a known inhibitor of methanogens 
(Hwu et al., 1998; Luostarinen et al., 2009). The methane volume and yield came back to 
normal and to comparable levels with control digester within a week after 15% and 25% lipid 
shock. Previous reports on lipid digestion reported that if frequent pulses of lipid are given to 
the digesters then the microbial populations adapt themselves to the changed environments 
(Silvestre et al., 2011), however, the digesters failed after excessive lipid input. 
 
 
 
Figure 3.2 Effect of lipid shock on methane output. Data shown in (A) and (B) is 
the data obtained from two independent repeats of the same experiment.  
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In the present study also, the digester with 35% lipid shock showed poor performance 
as determined by decreased gas production, methane yield and higher concentration of VFAs. 
A drop in methane production was observed throughout the experiment when digesters were 
fed with 35% lipid. Higher volumes of lipids led to incomplete degradation of lipids as was 
seen in the digester effluent. Higher concentrations of lipid input have been shown to inhibit 
the methane production process and also lead to incomplete degradation of the lipids 
(Luostarinen et al., 2009). Inhibition is thought to be reversible and to some extent can be 
controlled by suspending or reducing the loading rates to the digester (Cirne et al., 2007; Hwu 
et al., 1998; Silvestre et al., 2011). In the present study it was initially thought that the 
performance of the digesters treating 35% lipid could be improved by suspending feeding for 
a few days, but when lumps of lipids around the sludge particles were observed in the effluent 
it was concluded that the process instability of the digester could possibly caused by the 
washout of active biomass and/or sludge flotation as has previously been described 
(Luostarinen et al., 2009; Silvestre et al., 2011). 
 
3.3.3 Effect of lipids shock on microbial population dynamics 
SSCP molecular profiling of PCR amplified archaeal and bacterial 16S rRNA gene 
population profiles of samples from digesters treating lipid rich municipal sewage sludge is 
shown in Figure 3.3. A change in the band pattern was observed in the archaeal population 
profile of samples taken from the digester treating lipids when compared with samples from 
digesters treating normal sludge. 
In relation to archaeal domain, a single predominant band (Figure 3.3 A, band 5) was 
observed whose intensity changed accordingly with change in VFAs concentration. The 
associated sequence was 99% homologous to that of the Methanosarcina thermophila type 
strain. This thermophilic archaeon is a methanogen that has been previously found in a wide 
variety of TADs treating organic wastes. This thermophilic archaeon showed higher sequence 
similarity in relation to another strain of the same species that was isolated from TADs 
operated with a high concentration of VFAs (Hori et al., 2006). 
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Figure 3.3 A: Archaeal population profile; B: Bacterial population profile of 
samples taken after 25% lipid shock. Lanes a, c and e represent samples taken 
from control digesters and lanes b, d, and f from digesters given 25% lipid shock 
on day 3, 6 and 14 after lipid shock. Bands labelled from 1 to 5 in (A) and  from 
1to 4 in (B) were sequenced. 
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Another dominant sequence was 97% (Figure 3.3 A, band 4) identical to that of 
Methanothermobacter thermoautotrophicus found in TADs and known to utilize only 
hydrogen to meet their energy demands (Stams et al., 1992). Other major sequences  
(Figure 3.3 A, band 2-3) obtained belong to the Genus Methanoculleus and 
Methanobacterium. All species of Methanobacterium and Methanoculleus use H2 and CO2 as 
substrate for methanogenesis and are found in close syntrophy with acetogenic bacteria in 
maintaining low partial pressures of H2 (Martin-Gonzalez et al., 2011; Stams et al., 1992). The 
presence of members of the genus Methanobacterium and Methanoculleus are in accordance 
with previous reports published treating lipid rich wastes (Martin-Gonzalez et al., 2011). 
 
Table 3.3 Sequence results. A: Archaeal  sequence results; B: Bacterial sequence 
results. 
A. 
Bands Closest possible match Similarity Accession No. 
1 Uncultured Methanosarcina sp.  89% JQ668650.1 
2 Methanoculleus thermophilus 97% AB300783.1 
3 Methanobacterium thermoformicicum 98% X68711.1 
4 Methanothermobacter thermoautotrophicus 97% HM22804.1 
5 Methanosarcina thermophila 99% NR044725.1 
 
 
B.  
Bands Closest possible match Similarity Accession No. 
1 Bacillus altitudinis  94% JQ420885.1 
2 Acinetobacter sp. 97% GU272398.1 
3 Syntrophomonas spp. 95% AB098336.1 
4 Bacillus pumilus 97% GU332602.1 
 
The genus Methanosaeta, which comprises one of the main acetoclastic methanogens 
that utilizes acetate only, was not detected. Their absence in TADs has also been reported 
previously (Tang et al., 2004). Interestingly, in a recent paper (Goberna et al., 2010) studying 
the co-digestion of cattle excreta with olive mill wastes at mesophilic and thermophilic 
conditions, the authors described major archaeal groups belonging to Methanobacterium, 
Methanoculleus, Methanothermobacter and a group of uncultured archaea in TADs. The 
dominance of these groups in TADs is in accordance with the results obtained in this work. 
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3.4 Conclusions 
Thermophilic anaerobic digestion of municipal sewage sludge with sudden lipid shock 
was successfully performed at the laboratory scale. The results of this study demonstrate that 
moderately high (25%) concentration of lipids can be successfully co-digested with the 
sewage sludge. Lipids when digested with the sewage sludge enhanced biogas production. 
Careful monitoring is required when digesting higher concentrations of lipids with sewage 
sludge. Stronger inhibition of the digestion process was observed when higher volumes (35%) 
of lipids were added to the digester, possibly because of limited mass transfer for soluble 
substrates due to oil adsorption to the microbial biomass and active microbial washout. The 
dominance and stability of hydrogenotrophic methanogens over the experimental time 
showed that the hydrogenotrophic methanogens were actively involved in maintaining low 
partial pressures of hydrogen, required for the digestion of LCFAs and maintaining low 
concentrations of VFAs. 
This study was limited by a low number of experimental repeats due to limited 
availability of time and experimental digesters, however, the two independent repeats for each 
treatment gave consistent results. Low solubility of lipids in the sludge made the experimental 
interpretation difficult. Although in the present study lipid emulsion was prepared to enhance 
the mixing with sludge, still future work is needed to enhance the solubility of lipids when 
using higher volumes. Various pre-treatments can be employed to increase the solubility of 
lipids with the sludge such as enzyme, thermal and physio-chemical treatment methods. Lipid 
solubility to some extent can also be improved by improving the methods for mixing the 
digester contents. 
The research done previously was mainly focussed on studying the biodegradability of 
lipids when digested with different types of organic wastes and was mostly concentrated on 
mesophilic digesters. There was no such study with a focus on finding the effect of increasing 
lipids concentration on process stability of TADs. At Bromley, it is anticipated that there will 
be fluctuations in the lipid input to the digesters, the results from the current study suggested 
that giving low levels of lipids input (15%) pose not serious threat to the digester process 
stability, in fact it helps to increase the gas output. Whereas with higher volumes of lipids 
(25%) the digester operation can still process in stable manner but requires frequent 
monitoring so as to avoid accumulation of VFAs. It is also proposed that if more frequent 
lipid shocks of 25% are given to the digester then the digester microbial populations may 
acclimatise to the substrate fluctuations and hence digesters can degrade the higher 
concentrations of lipids more efficiently and effectively as also proposed in some previous 
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studies (Silvestre et al., 2011). Higher lipid concentrations such as 35% of lipids by volume of 
the input sludge could cause serious problems such as accumulation of suspended solids and 
floating lipids in the reactor, which may lead to a reduction in the methanogenic activity and 
biomass washout. The recovery from such an inhibition may take long times, which is not 
desirable when operating large-scale continuous digesters. 
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     Chapter 4 
Effect of increasing microbial diversity on process stability of 
thermophilic anaerobic digesters treating municipal sewage 
sludge 
4.1 Introduction 
Ecosystems around the world are exposed to an unprecedented diversity loss and an 
increasing level of environmental fluctuations due to global warming (Caldeira & Wickett, 
2003). Potentially detrimental effects of diversity loss on ecosystem functioning have 
renewed scientific interest in exploring the relationship between biodiversity and ecosystem 
stability. 
The relationship between diversity and stability is one of the oldest and most enduring 
ideas in ecology and has become the subject of intense research over the last few years 
(Campbell et al., 2011; Cardinale et al., 2002; Peterson et al., 1998; Tilman & Downing, 
1994; Tilman et al., 2006). There is a general belief that stability depends on the number of 
species in an ecosystem. A natural community with many species is more likely to withstand 
environmental disturbances (McCann, 2000; McNaughton, 1985; Tilman et al., 1996). More 
biologically diverse communities appear to be more productive in terms of biomass 
production than less diverse communities and they have been found to be more stable when 
such communities are subjected to environmental perturbations (Mooney, 2002; Pimm et al., 
1995; Proulx et al., 2010; Smith et al., 2003; Tilman et al., 2006; Valone & Barber, 2008). 
There is considerable amount of literature available about the application of these diversity-
stability theories to large scale ecosystems and soil microbial ecosystems. 
Anaerobic digesters, an engineered ecosystem, used to treat organic wastes to produce 
energy rich gas known as „Biogas‟. This biotransformation is accomplished by micro-
organisms belonging to various trophic levels. In the anaerobic food chain the products from 
one group of micro-organisms serve as substrate for the next, resulting ultimately in the 
transformation of complex organic matter into methane and carbon-dioxide which are the 
main constituents of biogas (Gujer & Zehnder, 1983; Tchobanoglous et al., 2003). For stable 
digester operation and methane output, it is important that the balance between various 
microbial communities is maintained so as to avoid the accumulation of intermediate products 
(Griffin et al., 1998; Kim et al., 2002; Suwannoppadol et al., 2011). Among the different 
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microbial populations involved in the digestion process, methanogens are considered to be 
most susceptible to environmental and operational fluctuations due to their slow growth and 
lower diversity (Kim et al., 2002; Kobayashi et al., 2008; Tatara et al., 2008; Wagner et al., 
2002). Maintaining process stability of TADs is challenging compared to mesophilic 
anaerobic digesters (Baere & Mattheeuws, 2010; Kim et al., 2002). 
Although various attempts have been made to increase the process stability of TADs, 
there are still some concerns about TAD process stability, especially when they are subjected 
to sudden environmental or operational fluctuations (Baere & Mattheeuws, 2010). The 
information in the literature suggests that poor process stability of TADs is associated with 
lower microbial diversity, lack of thermophilic inoculum for digester start-up and poor 
immobilization of microbial biomass at thermophilic temperatures (Ahring et al., 2002; Baere 
& Mattheeuws, 2010; Kobayashi et al., 2008; Schmidt & Ahring, 1995; Soto et al., 1992; 
Wagner et al., 2002). One technique which is worth testing on TADs to improve their process 
stability is the application of ecological theories to digester design. Ecological theories have 
been tested on large scale ecosystems so far and experimental work has proved that increasing 
the diversity of an ecosystem makes it more resilient in the events of environmental 
fluctuations (Bullock et al., 2007; Campbell et al., 2011; Cardinale et al., 2002; Tilman et al., 
2006). 
There is virtually no evidence in the literature on the diversity-stability relationship in 
microbial systems such as anaerobic digesters. Previous research examining the effect of 
community structure on resistance to disturbance caused by glucose perturbations in 
anaerobic digesters, have demonstrated that microbial systems with higher flexibility in terms 
of parallel processing of substrate utilisation were more resilient to disturbance  
(Fernandez et al., 2000). This may be analogous to the idea that increased diversity that adds 
new functional groups to a community, increases stability through increasing the number of 
alternative pathways for energy flow through the system. 
Studies of the microbial composition and dynamics in anaerobic digesters (Casserly & 
Erijman, 2003; Griffin et al., 1998; LaPara et al., 2002; Wagner et al., 2002) suggest a diverse 
range of micro-organisms present and a close link between the process stability of the 
digesters to microbial dynamics and composition (McMahon et al., 2004). The diversity of 
methanogens is lower compared to the bacterial diversity (Talbot et al., 2008). Methanogens 
(archaea) are the key players in oxidizing fatty acids to methane. In the laboratory 
experiments, the anaerobic digesters that perform poorly in terms of accumulation of fatty 
acids and biogas yields contain lower diversity of methanogens (McMahon et al., 2004). 
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Thermophilic anaerobic digesters have shown to contain lower diversity of methanogens than 
the mesophilic anaerobic digesters (Leven et al., 2007; Wilson et al., 2008). These findings 
suggest that increasing methanogenic diversity can help in maintaining stable operation of 
anaerobic digesters especially TADs. 
Therefore, in the current study it was hypothesized that increasing the microbial 
diversity in TADs will make the digesters more resilient towards environmental and 
operational fluctuations. There are different ways that can be applied to increase the microbial 
diversity, but in this study the focus was limited to three different methods. 
The rationale behind the first approach was that selecting the inoculum from a range of 
environments will help to increase the diversity of dominant microbial groups by providing a 
range of micro-organisms capable of carrying out metabolic activity under a range of different 
conditions. Inocula were collected from a range of environments around the Canterbury 
region and incubated at thermophilic conditions. At the end of the experiment microbial 
population profiling was performed using PCR-SSCP to see if the diversity of dominant 
micro-organisms was increased or not. 
The second approach was to test the effect of changing the method of mixing of digester 
contents on diversity of dominant micro-organisms. Two different methods were adopted for 
mixing digester contents; first was using a mechanical stirrer creating homogeneous 
conditions in the digester and the second was re-circulating the digester effluent from the 
bottom of the digester to the top of the digester. The re-circulating method was gentler than 
the mechanical stirrer and was likely to be a less thorough mixing method. Less homogeneous 
conditions could promote increased diversity by providing chemically and physically distinct 
regions in the digester. Although mixing encourages the distribution of enzymes and micro-
organisms throughout the digester (Parkin & Owen, 1986), continuous mixing was found to 
promote hydrolysis and fermentation which caused poor performance at high loading rates 
(Stroot et al., 2001). Unstable digesters were previously stabilized by reducing the level of 
mixing (Stroot et al., 2001). The optimum mixing patterns is a subject of much debate. The 
sludge re-circulation method produced more gas than the mechanical stirrer method and 
biogas re-circulation in mesophilic anaerobic digesters (Karim et al., 2005b). Most of the 
previous studies were focussed on mesophilic anaerobic digesters and there are very few 
which focus on TADs and they were limited to examining the effect of mixing on methane 
production (Kaparaju et al., 2008). 
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The third approach involved using some support medium in the digester for micro-
organisms to attach and grow. The rationale behind this approach was that the support 
medium will provide a separate niche in the digester which will select for benthic micro-
organisms, allow the retention of slower growing species and provide an undisturbed platform 
for microbial consortia that depend on syntrophic interactions. There are few studies which 
have tested the effect of various support mediums on digester performance (Andersson & 
Bjornsson, 2002; Chauhan & Ogram, 2005; Sasaki et al., 2009; Tatara et al., 2008). The use 
of carbon fibre textile appears to be advantageous for attaching microbes because bacteria 
with slow growth rates, such as acetoclastic methanogens have hydrophobic membranes and 
can easily attach themselves to the supporting medium (Chauhan & Ogram, 2005). A high 
stable methane output was observed when rice straw was used as a support medium for the 
micro-organisms in a mesophilic anaerobic digester (Andersson & Bjornsson, 2002). One of 
the drawbacks of using rice straw is the potential risk of clogging once the straw becomes 
degraded. A range of various other support mediums tested proved that their use helped to 
increase the biogas production under different loading rates (Chauhan & Ogram, 2005). 
Recently, carbon fibre cloths have been used as support media which enhanced process 
stability and methane production under different loading rates (Sasaki et al., 2009). 
 
4.2 Methods and materials 
4.2.1 Experiment 1: Using inocula from range of different environments 
Inocula were collected from different environments around the Canterbury region 
namely; Hanmer Springs hot pools, effluent from mesophilic anaerobic digesters treating 
municipal sewage sludge and dairy waste, samples from Lincoln University dairy farm 
milking shed wastewater, Ellesmere lake, Avon Heathcote Estuary, Sylvia Flats natural hot 
pools and raw sludge. Raw sludge was a combination of primary and secondary sludge in 
ratio 55:45 (by volume) and was collected from CWWTP, Bromley. 
500 ml sterile glass bottles were used for this experiment. Each inocula (20 µl) was 
mixed in 400 ml of autoclaved sludge and were termed as test samples. The sludge used as the 
growth substrate for the micro-organisms present in the inocula was autoclaved for 45 mins at 
121
o
C in order to destroy all DNA. No DNA could be detected in autoclaved sludge by PCR 
amplification of 16S rRNA gene. The bottles were incubated at 55
o
C incubator. Only raw 
sludge was mixed with autoclaved sludge which was used as a control for the experiment, 
termed as control samples. After allowing eight weeks for the micro-organisms to grow and 
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develop under the new conditions, population profiling was done using PCR-SSCP to 
compare the dominant micro-organisms from the samples using a range of inocula with 
control samples. 
DNA extraction, 16S rRNA gene amplification, SSCP and sequencing was done as 
described in Chapter 2, sections 2.2.5.1, 2.2.5.2, 2.2.5.3 and 2.2.5.4. 
 
4.2.2 Experiment 2: Changing the method of mixing 
To test the effect of mixing on microbial diversity and productivity of TADs, two 
different types of mixing method were adopted (Figure 4.1). In one digester, the contents were 
mixed using a mechanical stirrer (MS) fitted in the middle of the digester creating 
homogenous conditions in the digester. The second mixing method used was sludge re-
circulation (SR) gentler compared with mechanical stirrer mixing. In SR mixing method 
digester contents were mixed by re-circulating the digester contents through an external pipe 
from the bottom of the digester and then pumping back into the top of the digester using a 
peristaltic pump. The digester contents were mixed for 5 minutes after every 30 minutes under 
both mixing methods.  
 
4.2.3 Experiment 3: Using carbon fibre cloths 
To test the effect of CFC on microbial diversity and digester process stability, two 
bench top digesters were modified. Four pieces of carbon fibre cloth measuring 10 x 10 cms 
were put on the inside digester walls. To measure the process stability of TADs acetic acid 
shock and lipid shock was given to the digesters. The digesters without CFC were used as 
control digesters and were given the same amount of acetic acid and lipid shock. The rate at 
which digesters pH was normalised, was used as an indicator of process stability. The digester 
contents were mixed using sludge re-circulation as it was gentler than the use of mechanical 
stirrer for mixing. 
At the end of experiments, CFCs were taken out from the digesters for microbial 
analysis to see if carbon fibre cloths have actually contributed to increase microbial diversity. 
Adhering fraction of the CFCs was scraped off from the CFCs and was compared with 
suspended fraction of digester effluent of the same digester. DNA extraction, 16S rRNA gene 
amplification, SSCP and sequencing was performed as described previously in Chapter 2, 
sections 2.2.5.1, 2.2.5.2, 2.2.5.3 and 2.2.5.4. 
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Figure 4.1 Line diagram showing two different types of mixing methods used in 
this study. A: digester contents mixed by mechanical stirrer in middle of digester. 
Star at the bottom represents motor for the stirrer. B: digester contents mixed by 
re-circulating the contents from bottom of the digester and then fed back into the 
top of the digester.  
 
4.2.4 Experiment 3.1: Effect of increased biomass 
There is a possibility that CFC acted as a medium for the micro-organisms to attach and 
grow and helped to increase the biomass rather than diversity only. To measure the effect of 
increased biomass on the digester process stability, biomass was increased in one of the 
digesters. CFCs were removed from one of the digesters and were dried overnight at 105
o
C to 
remove all the polysaccharides attached to the CFCs. The biomass was removed from the 
dried CFCs and was weighed. To increase the biomass in one of the digesters without CFCs, 
digester effluent was collected from the digester, centrifuged and the suspended biomass in 
the centrifuged tubes was returned back to the digester without CFCs. Approximately same 
amount of biomass was returned back to the digester as was present on the CFCs. Acid shock 
was given to the digester to measure its process stability in terms of the rate at which pH 
normalised. Due to time constraints acid shock was chosen over the lipids shock. Digesters 
responded quickly to acid shock and were found to recover faster than the lipids shock. The 
digester without increased biomass was given only normal sludge and acted as control for this 
experiment. 
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4.3 Results and discussion 
4.3.1 Effect of inocula from range of different environments 
As the mesophilic sludge inocula is considered to have limited diversity of 
thermophilic micro-organisms, the diversity of active thermophilic micro-organisms in TADs 
could possibly be increased by using inocula from a range of different environments. Test and 
control samples were incubated for eight weeks at thermophilic temperatures. At the end of 
the experiment population profiling was performed on test and control samples using PCR-
SSCP. 
No increase in microbial diversity of dominant microbial groups was observed from 
the test samples having inocula from different environments (Figure 4.2). The same archaeal 
and bacterial bands appeared among the test and control samples. The sewage sludge micro-
organisms dominated both the test and control samples. The experimental approach used to 
increase microbial diversity may have managed to achieve the increase in microbial diversity, 
but under the tested experimental conditions, possibly only the sewage sludge micro-
organisms were superlative micro-organisms to grow and dominate in the test and control 
samples. The other possibility could be that the technique used failed to predict increase in 
microbial diversity due to different growth requirements for micro-organisms collected from 
different environments. Also, the environments from where the inocula were collected may 
lack sludge degrading micro-organisms. 
The molecular techniques used for measuring the diversity may also have some biases. 
Although the molecular technique used, PCR-SSCP is less labour intensive compared to the 
old cultivation techniques, SSCP is capable of providing information only about the dominant 
micro-organisms in a given sample (Leclerc et al., 2001). DNA extraction may also introduce 
several biases. Some micro-organisms may have recalcitrant outer cell walls that makes the 
DNA extraction difficult (Balch et al., 1979). Furthermore, SSCP like other PCR based 
methods, does not provide an exact quantification but a relative estimate of the species 
significance (Leclerc et al., 2001). 
Therefore, this approach of increasing the microbial diversity was not tested further on 
laboratory scale bench top digesters. Other approaches such as changing the mixing methods 
and using carbon fibre cloth were tested on bench top digesters for increasing the microbial 
diversity in the digesters. 
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Figure 4.2 PCR-SSCP profile of microbial community structure. Lanes a, b were 
repeats of the same treatment (inocula from a range of different environments, 
and lanes c and d are repeats of the control treatment where the inoculum was 
just raw sludge. Lanes e to h are the same as lanes a to d respectively but they 
have been analyzed for archaea rather than for bacteria. 
 
4.3.2 Effect of changing the method of mixing 
4.3.2.1 pH and methane output 
Two bench top TADs were used to evaluate the effect of mixing methods. The 
digester initially using mechanical stirring for mixing was changed later to sludge re-
circulation and vice versa. After running the digesters for 45 days, a clear difference in pH 
was observed (Figure 4.3) using the two different methods for mixing. The pH of the digester 
using mechanical stirrer dropped from 7.5 to below 7. The pH of the mechanically stirred 
digester remained just below 7 for the rest of the experiment, whereas the pH stayed above 7 
for the digester using sludge re-circulation for mixing. A similar effect was observed in the 
    a         b          c          d                     e         f          g          h  
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pH after switching the mixing methods of the two digesters. The digester using mechanical 
stirrer in the first experiment, increased pH after switching the mixing method to sludge re-
circulation and the opposite effect was observed in the other digester. Possibly the mechanical 
stirrer caused more homogenous conditions in the digesters and thus helped in the distribution 
of micro-organisms and enzymes in the digester resulting in higher production of volatile 
fatty acids; whereas the gentler sludge re-circulation method helped in maintaining a balance 
between VFAs production and their relative consumption by methanogens. 
 
 
 
 
Figure 4.3 Effect of mixing methods on digester pH; A. Digesters with two 
differet mixing methods; B. After switching the mixing methods of the digesters. 
Methane production declined over time in the digester using mechanical stirring 
whereas the methane output from the digester using sludge re-circulation stayed constant 
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during the experimental period (Figure 4.4). Changes in methane output from the digesters 
were observed when their mixing methods were changed. The average methane output from 
the digester using the mechanical stirrer was 2.3 L/day whereas it was 3.6 L/day from the 
digester using sludge re-circulation. A decline in methane production has also been previously 
reported when the contents of unmixed digesters were mixed continuously (Ben-Hasson et al., 
1985; Chen et al., 1990). The mechanical stirrer mixing method has been found to create 
homogeneous conditions in the digester disrupting the syntrophic relationships between the 
micro-organisms causing poor performance of the digesters and washout of active biomass 
from the digesters (Dolfing, 1992; Karim et al., 2005b; Stroot et al., 2001). 
 
 
 
 
 
 
 
Figure 4.4 Effect of mixing methods on methane output; A. Digesters with two 
differet mixing methods; B. After switching the mixing methods of the digesters. 
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4.3.2.2 Microbial population dynamics 
PCR-SSCP was used to compare the archaeal and bacterial community structure in the 
digesters using MS and SR for mixing digester contents. The differences in digester 
performance under different mixing methods were matched by differences in the dominant 
microbial community analysis. The archaeal SSCP band patterns for the digester using SR 
and the MS digester were different (Figure 4.5). 
 
 
Figure 4.5 PCR-SSCP analysis of archaeal community structure in digesters 
using MS and SR for mixing. Lanes a, b and c represents archaeal profile of 
samples taken from digesters using SR for mixing; Lanes d, e and f represents 
archaeal profile of samples taken from digesters using MS for mixing. Bands 
labelled from 1-7 were sequenced. 
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Higher archaeal diversity was observed when digester contents were mixed using SR 
compared with MS. All the archaeal bands detected from SR digester were close relatives of 
thermophilic methanogens. Bands 1, 2 in SR digester were closely related to 
hydrogenotrophic methanogen, Methanothermobacter thermoautotrophicus (Zeikus & Wolfe, 
1972), while band 4 was closely related to thermophilic acetoclastic methanogen, 
Methanosarcina thermophila (Zinder et al., 1985). Band 3 was found to be a close relative of 
Methanobacterium thermoformicicum, a thermophilic methanogen capable of utilizing both 
formate and H2 and CO2 (Zhilina & Ilarionov, 1984). Bands 5 and 6 matched closely with 
Methanosaeta concilli and Methanosarcina barkeri respectively, mesophilic methanogens 
capable of utilizing acetic acid (Patel & Sprott, 1990; Rocheleau et al., 1999). Band 7 was 
found to be closely related to uncultured Methanosarcina. These results demonstrate that SR 
mixing methods helped in the quick establishment of thermophilic methanogens in TADs. 
When the mixing method was changed from SR to MS the dominant methanogenic archaeal 
detected in the MS digesters were found to be closely related to mesophilic methanogens.  
It has been observed that the process stability and productivity of the TADs can be 
enhanced if the digestion process is carried out by true thermophilic micro-organisms than 
thermo-tolerant mesophilic micro-organisms (Ahring, 1994; Ahring et al., 2002; 
Suwannoppadol et al., 2011). Previously it has been observed that continuous mixing breaks 
the syntrophic associations among the syntrophic micro-organisms disturbing the process 
stability of the digesters (McMahon et al., 2001). The results from the current study have 
suggested that SR mixing method helped in achieving greater microbial diversity in the TADs 
and helped to maintain digester pH under optimum range. The SR mixing method also 
enhanced methane output from the digesters. 
Differences in bacterial SSCP profiles were also observed when samples from the SR 
digester were compared with the MS digester (Figure 4.6). The band 1 and 2 were closely 
related to Syntrophomonas spp. and Acinetobacter sp. respectively, whereas band 3 was 
closely related to Thermacetogenium phaeum, which is capable of syntrophically oxidizing 
acetate with hydrogenotrophic methanogens (Hattori et al., 2000). 
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Figure 4.6 PCR-SSCP analysis of bacterial community structure in digesters 
using MS and SR for mixing.  Lanes a, b and c represents samples taken from 
digesters using MS for mixing; Lanes d, e and f represents samples taken from 
digesters using SR for mixing. Bands labelled from 1to 3 were sequenced. 
 
4.3.3 Effect of using carbon fibre cloths on process stability and productivity of 
thermophilic anaerobic digesters 
4.3.3.1 Effect of lipid shock on pH and methane output 
The effect of using CFCs on the process stability of TADs was evaluated after disturbing the 
digester by increasing the influent lipid concentration. The rate at which pH of the digester 
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returned to its pre-shock levels was measured to find out the effect of using CFCs. Before the 
lipid shock the pH of digesters with and without CFCs fluctuate between 7.25 and 7.5. After 
the lipid shock, as expected, the pH dropped down from 7.4 to below 6.5 in both the digesters 
with and without CFCs. The pH of the digesters with CFCs recovered to the normal range 
quicker than the digesters without CFCs (Figure 4.7). The difference in the recovery rates of 
pH of the digesters with and without CFCs was found to be significant. The calculated F 
value (534.18) was much higher than the corresponding table F value (3.45) based on the 
significance level and degrees of freedom giving the probability value of almost zero (P = 
1.3E-08). The statistical analysis was performed using one way ANOVA. The ANOVA tables 
for the statistical analysis are listed in Appendix A. 
 
 
Figure 4.7 Effect of lipid shock on digester pH stability. The day on which lipid 
shock was given to both digesters is represented by day 0. 
The initial drop in pH in both test and control digesters could be due to the 
fermentation of lipids producing LCFAs. The rapid drop in pH after lipid shock suggested 
that the bacterial communities in both the test and control digesters were active and responded 
quickly to the lipid shock. The digesters with CFCs recovered in pH to the normal range more 
quickly than the digesters without CFCs. The pH of the test digester reached 6.8 within a 
week and stayed between the range of 6.8–7.2 for the remaining time of the experiment which 
is considered to be the optimum range for methanogenesis (Kim et al., 2002). Although the 
5.5
6
6.5
7
7.5
8
0 5 10 15
p
H
 V
al
u
e
s
Time (days)
with CFC without CFC
 78 
digesters without CFCs also recovered within the time frame of the experiment without 
addition of base, it took nearly double the time, taken by the digesters with CFCs to recover. 
The average gas production from the digesters was 5.3 L/days with mean methane 
content of 68.53%. An immediate effect of lipid shock can also be seen on methane 
production (Figure 4.8). As expected, an initial increase in gas production was observed, 
although the methane content in the gas dropped down from 68% to 56% for digesters with 
CFCs and 41% for the digesters without CFCs. The decrease in the methane content 
correlates with the decrease in pH of the digesters. The methane content in the digesters 
recovered back to the starting level once the pH recovered. The digesters with CFCs produced 
significantly more gas with higher methane content compared with the digesters without 
CFCs.  The calculated F value (43.73) was much higher than the corresponding table F value 
(3.45) based on the significance level and degrees of freedom giving the probability value of 
almost zero (P = 0.00017). The statistical analysis was performed using one way ANOVA. 
The ANOVA tables for the statistical analysis are listed in Appendix A. 
 
 
Figure 4.8 Effect of lipid shock on methane production from digesters with CFCs  
and digesters without CFCs. 
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4.3.3.2 Effect of acetic acid shock on pH and methane output 
The addition of acetic acid to the digesters with and without CFCs caused a rapid drop 
in pH from 7.43 to 5.4 (Figure 4.9). The recovery in pH followed a similar trend to that 
followed after the lipid shock, although the recovery was much quicker after acid shock. The 
digesters with CFCs showed better performance and less time taken to recover the pH to the 
optimum range of 6.8-7.5. Statistically, digesters with CFCs showed significantly quicker 
recovery in pH after the acetic acid shock compared with the digesters without CFCs. The 
calculated F value (14.49) was much higher than the corresponding table F value (3.45) based 
on the significance level and degrees of freedom giving the probability value of less than 0.05 
(P = 0.00518). The statistical analysis was performed using one way ANOVA. The ANOVA 
tables for the statistical analysis are listed in Appendix A. The pH recovery after the acetic 
acid shock depends on the metabolic activity of acetoclastic methanogens and homoacetogens 
oxidizing acetic acid. The quick recovery of digester with CFCs suggested that the digester 
contained balanced microbial communities capable of metabolizing acetic acid. 
 
 
Figure 4.9 Effect of acetic acid shock on pH stability of digesters with CFCs and 
digesters without CFCs. Acetic acid shock was given on day 0. 
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The addition of acetic acid had an immediate effect on methane production  
(Figure 4.10). The methane content in the gas from the digester with CFCs dropped down to 
as low as 19% after addition of acetic acid, and recovered to above 60% within a week. The 
methane output from the digester without CFC did not return back to its original conditions 
within the time frame of the experiment. Significantly, quicker recovery in methane 
production was observed from the digesters with CFCs compared to digesters without CFCs. 
The calculated F value (5.90) was much higher than the corresponding table F value (3.45) 
based on the significance level and degrees of freedom giving the probability value of less 
than 0.05 (P = 0.0412). The statistical analysis was performed using one way ANOVA. The 
ANOVA tables for the statistical analysis are listed in Appendix A.   
 
 
Figure 4.10 Effect of acetic acid shock on methane production from digesters 
with CFCs and digesters without CFCs.  
 
The use of CFCs in the digesters showed improved performance and higher process 
stability when given lipid shock and acetic acid shock. The digesters with CFCs recovered 
from both shocks quicker than the digesters without CFCs. The CFCs in the TADs may have 
acted as a separate niche which is not available in the digesters without CFCs for the micro-
organisms who specifically grow at faster rates when attached to a medium and hence 
contribute to increased microbial diversity. There are different possibilities to explain why the 
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digesters with CFCs have shown improved performance and process stability; (1) use of 
CFCs helped to increase microbial diversity in the digesters, (2) use of CFCs helped to retain 
microbial biomass in the digesters, (3) use of CFCs provided an undisturbed space for the 
syntrophic interactions of acetogens and methanogens, (4) a combination of all the above 
mentioned possibilities. 
 
4.3.3.3 Effect of using carbon fibre cloths on microbial diversity 
It was postulated that the CFCs would help to increase the microbial diversity in the 
TADs. The microbial diversity of dominant archaea and bacteria was measured using PCR-
SSCP. SSCP population profiles of samples from adhering fraction of CFCs and suspended 
fraction of the digesters were compared to check for increased microbial diversity on CFCs 
(Figure 4.11). The bacterial SSCP patterns for the adhering fraction of CFC and suspended 
fraction of the digester with CFC looks similar; however the archaeal patterns differed 
suggesting a difference in archaeal community. Also, the bands which were less intense in 
suspended fraction were found to be more intense in adhering fraction samples, suggesting 
that the concentration of those species was higher on CFCs. Bands 1, 2 and 3 were found to 
be closely related to, Methanothermobacter thermoautotrophicus, Methanosarcina 
thermophila and uncultured Methanosaeta sp.  
The presence of hydrogenotrophic methanogen Methanothermobacter 
thermoautotrophicus (band 1) and dominant bacterium Thermacetogenium phaeum (band 4) 
and Syntrophobacter sp (band 5), on CFCs have suggested that the syntrophic associations of 
these syntrophic micro-organisms helped the digesters to recover quickly after the 
perturbations. Syntrophobacter sp were earlier found on support media in close association 
with hydrogenotrophic methanogen and is a known propionate oxidizing syntroph (Chauhan 
& Ogram, 2005). The presence of Methanosarcina thermophila (band 2), an acetoclastic 
methanogen on adhering fraction of CFCs proved that the use of CFCs in the digesters is 
advantageous for the slow growing micro-organisms. Methanosarcina sp. grows on acetate, 
and its dominance on the CFCs suggested that it helped in quick recovery of digester pH after 
acetic acid and lipid shock, effectively metabolizing acetic acid. The presence of CFCs in the 
digesters provided a space that is favourable for the growth of hydrogenotrophic and 
acetoclastic methanogens. 
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Figure 4.11 PCR- SSCP profile of microbial community structure from samples 
on the adhering fraction of the CFCs and suspended fraction of the digester. (A) 
Archaeal profile; (B) Bacterial profile. Lanes a, b and c are from the adhering 
fraction of the CFCs and lanes d, e and f are from suspended fraction of the 
digester in both figure (A) and (B). Bands labelled from 1to 5 were sequenced. 
a           b          c            d           e             f  
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The results of this study are in accordance with the previous studies conducted on 
using different support media (Chauhan & Ogram, 2005; Sasaki et al., 2009; Tatara et al., 
2008). The improved performance of the digesters with CFCs could be due to increased 
microbial diversity and maintenance of close syntrophic associations of syntrophic micro-
organisms. The possibility that the CFCs in the digesters helped in retaining the biomass in 
the digesters cannot be ignored which may also contributed to increased process stability. 
 
4.3.3.4 Effect of increased biomass on pH stability 
One of the possibilities for the enhanced performance of digesters with CFCs could be 
increased biomass in the digesters rather than increased diversity. Microbial biomass may 
have accumulated on the CFCs as a concentrated biofilm of active biomass. To test whether 
the CFCs were simply improving digester performance through increasing the biomass, the 
amount of biomass retained on the CFCs was weighed and approximate an equivalent amount 
of concentrated biomass from the suspended fraction of one digester operating without CFCs 
was returned back to another digester also operating without CFCs. The process stability of 
digesters was measured by giving them the same amount of acetic acid shock as was given 
previously. 
 
 
Figure 4.12 Effect of increased biomass on pH stability of the digester with 
increased biomass and control digester.  
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Before giving the acetic acid shock to the digesters, the pH remained between 7.3-7.4. 
After acid addition a rapid drop in pH was observed and pH dropped to as low as 5.38  
(Figure 4.12). The digester with increased biomass recovered significantly quicker than the 
control digester. The calculated F value (70.98) was much higher than the corresponding table 
F value (3.45) based on the significance level and degrees of freedom giving the probability 
value of almost zero (P = 3E-05). The statistical analysis was performed using one way 
ANOVA. The ANOVA tables for the statistical analysis are listed in Appendix A. The rate of 
pH recovery was similar to that observed in the digesters with CFCs, suggesting that the quick 
pH recovery of the digesters with CFCs could also be due to the effect of increased biomass 
on the CFCs. 
 
4.4 Conclusions 
In the current study ideas from ecological theories on diversity-stability were applied to 
engineer TADs. It was postulated that increasing the microbial diversity in TADs would allow 
them to recover faster after perturbations. Three different methods were adopted to increase 
the microbial diversity in TADs under this study. These methods were using the inocula from 
a range of different environments, changing the method of mixing and using carbon fibre 
cloths in the digesters. 
One of the factors associated with the poor performance of TADs is a relatively low 
availability of thermophilic inocula. Usually TADs are started with mesophilic inoculum 
which has been reported to contain less diversity of thermophilic micro-organisms. In the 
present study inocula were selected from a wide range of different environments with an aim 
that the diverse inocula would increase the diversity of thermophilic micro-organisms present. 
This approach did not work as hypothesised. After incubation of inocula with autoclaved 
sludge at thermophilic temperatures for eight weeks, SSCP profiles from the samples using 
diverse inocula were found to be similar to the SSCP profiles from the control samples which 
were inoculated with raw sludge only. This observation could have several explanations. One 
is the limitations of the molecular technique used to measure microbial diversity. Secondly, 
the environments selected for collecting inocula might not have had thermophilic micro-
organisms that were not already present in the mesophilic sludge. Also, it is possible that the 
microbial diversity was increased but even so, the new micro-organisms still could not out-
compete the dominant sludge micro-organisms in the tested conditions. 
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While mixing might be expected to improve the digestion process by efficiently 
distributing enzymes and micro-organisms through the digesters, reducing the vigour of 
mixing improved digester performance and helped to stabilize the digesters. In the current 
study the use of sludge re-circulation method for mixing digester contents helped to increase 
the microbial diversity and enhanced methane output from the digesters. The results of 
archaeal and bacterial community analysis suggested that sludge re-circulation method helped 
in increasing the microbial diversity by promoting the growth of true thermophilic micro-
organisms in the TADs. Whereas, using a mechanical stirrer for mixing disturbed the close 
syntrophic associations between micro-organisms and resulted in dominance of mesophilic 
micro-organisms in the digesters. Use of mechanical stirring has been previously reported to 
disturb the syntrophic associations in the mesophilic anaerobic digesters affecting the methane 
production (McMahon et al., 2001). There is no such study done previously to find the effect 
of method of mixing on microbial diversity. The results from this study suggests that the SR 
method for mixing digester contents can be applied for successful start-up of TADs, 
increasing the proliferation of true thermophilic micro-organisms reducing the accumulation 
of intermediate products.  
The use of CFCs in the TADs helped the digesters to recover faster from acetic acid and 
lipid shock than the digesters without CFCs as revealed by the pH and methane recovery. The 
comparison of SSCP profiles of samples from adhering fraction of CFCs and suspended 
fraction from the digester showed higher microbial diversity on the CFCs. The presence of 
hydrogenotrophic methanogen Methanothermobacter thermoautotrophicus and syntrophic 
bacteria Syntrophobacter sp on the CFCs suggested the importance of close syntrophic 
associations in metabolizing the accumulated intermediate products such as VFAs. CFCs also 
acted as a platform to retain microbial biomass. The presence of Methanosarcina thermophila 
on the adhering fraction of CFCs suggests that CFCs acted as a platform for the slow growing 
acetoclastic methanogens to attach and grow in the digesters. This suggested that the quick 
recovery of the digesters with CFCs could be due to the combination of both increased 
microbial diversity and increased biomass. The use of CFC in digesters could help to reduce 
the start-up time as their use appears to be advantageous in the growth of mixture of 
hydrogenotrophic and acetoclastic methanogens with syntrophic bacteria. It would be 
interesting to see what effect the carbon fibre will have on digester process stability in 
continuously stirred TADs. Higher performance of anaerobic digester degrading garbage 
using supporting medium has also been previously reported (Sasaki et al., 2009). 
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The results of the present study have suggested that the method of mixing and the use of 
CFCs in the digesters can help to increase the microbial diversity in the digesters, which in 
turn can help the digesters to recover faster after environmental or feed perturbations. It is 
expected that the results generated from this study would aid in the development of improved 
digester designs for waste treatment. In context to the newly built thermophilic anaerobic 
digesters at CWWTP, Bromley, using gentler mixing method and CFCs in the digesters can 
prevent accumulation of intermediate products affecting their process stability. These 
approaches can also help the digesters to recover faster after perturbations. 
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     Chapter 5 
Effect of combining microbial fuel cell with thermophilic 
anaerobic digester on digester process stability and 
productivity 
5.1 Introduction 
Maintaining process stability of the newly installed TADs at CWWTP, Bromley is a 
matter of concern especially when they would be subjected to sudden changes in the feed 
composition. Study of the literature on process stability of TADs suggested that the poor 
process stability of TADs can be attributed to the slow growth rate, narrow optima for pH and 
less diversity of methanogens in TADs (Baere & Mattheeuws, 2010; Garcia et al., 2000; Li & 
Fang, 2007; Wagner et al., 2002; Wilson et al., 2008). Changes in environmental or 
operational conditions disturb the balance between various micro-organisms involved in 
degradation of organic matter into methane. As a result of which, intermediate products such 
as VFAs (mainly acetate, propionate and butyrate) accumulate, further lowering the digester 
pH and thus inhibiting methanogenesis leading to complete digester failure (vanLier, 1996; 
Wilson et al., 2008). 
Research in anaerobic digesters, examining the effect of community structure on 
resistance to disturbance caused by glucose perturbations, demonstrated that microbial 
systems with higher flexibility in terms of parallel processing of substrate utilization were 
more resilient to disturbance (Hashsham et al., 2000). This may be analogous to the idea that 
increased diversity that adds new functional groups to a community, increases stability 
through increasing the number of alternative pathways for energy flow through the system. 
Given the results of Hashsham‟s studies, a better approach to increase digester process 
stability might be to specifically add a parallel pathway for oxidizing VFAs that is not 
dependent upon methanogens. One way to do this, without reducing the energy output from 
the digester, would be to incorporate a microbial fuel cell into the digester. 
Microbial fuel cells (MFCs) and anaerobic digesters (ADs) both provide opportunities 
for sustainable energy production with simultaneous treatment of organic waste/wastewater. 
A MFC is a bioreactor that converts energy available in a substrate directly into electricity 
with the aid of catalytic reactions of micro-organisms under anaerobic conditions while 
accomplishing the biodegradation of organic matter or wastes (Oh & Logan, 2005; Park & 
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Zeikus, 2000). A MFC consists of an anode and a cathode often separated by a membrane 
known as proton exchange membrane (Figure 5.1). At the anode, micro-organisms oxidize the 
organic matter and produce electrons, protons and CO2. The reaction at the anode happens 
under anaerobic conditions. If oxygen is present in the anodic chamber, oxygen is used as an 
electron acceptor instead of the electrode as this is energetically more favourable. Therefore 
the anode of the MFC must be kept under anaerobic conditions. The produced electrons flow 
from anode to cathode through an external electrical circuit. In the cathode chamber a 
reduction reaction takes place usually reduction of oxygen to water. The protons produced at 
the anode, transfer through the proton exchange membrane from anode to cathode to maintain 
electro-neutrality in the solutions. Electrons on their way from anode to cathode release their 
energy so that useful energy can be gained. Bacteria can gain energy and conserve it for their 
activities by transferring electrons and protons from reduced substrates at low potential to 
electron acceptors at higher potential. The higher the potential difference, the more energy is 
available for bacteria to use (Rabaey & Verstraete, 2005). Typical electrode reactions are 
shown below using acetate as substrate. 
 
Anodic reaction: 
 
CH3CHOO
-
 + 2H2O  2CO
2 
+ 7H
+ 
+ 8e
-
                 (5.1) 
 
Cathodic reaction: 
 
O2 + 4e
-
 + 4H
+
 2H2O                    (5.2) 
 
 
An additional advantage is that the electron transfer takes place as a result of the 
breakdown of organic matter at the anode, and thus if wastewater is used as a fuel, current can 
be produced by purifying the wastewater at the same time (Logan, 2005; Pham et al., 2006; 
Rabaey & Verstraete, 2005). Various types of wastewaters have been tested in MFCs for 
electricity generation and treatment, including domestic wastewater (Min & Logan, 2004) , 
swine wastewater (Min et al., 2005), starch processing wastewater (Lu et al., 2009), landfill 
leachate (Greenman et al., 2009), sewage sludge (Jiang et al., 2009), brewery wastewater 
(Feng et al., 2008) and food processing wastewater (Oh & Logan, 2005). 
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Figure 5.1 A typical microbial fuel cell representing current generation with the 
help of micro-organisms. Substrate is oxidized at the anode by micro-organisms 
producing protons, electrons and CO2. Electrons can be transferred through 
three different processes; (1) using pili (nano wires), (2) Indirect electron transfer 
and (3) direct electron transfer. Electrons pass through external circuit from 
anode to cathode via resistance whereas protons pass through membrane to 
cathode where they combine with oxygen to form water. 
MFCs convert energy available in an organic substrate directly into electricity (Zhang 
et al., 2009) while ADs produce energy rich gas known as biogas which can be either used 
directly or for electricity production. Out of these two technologies, anaerobic digestion is 
well established and is robust, simple, efficient and relatively cheap. MFCs have some 
advantages over anaerobic digestion such as direct conversion of waste into electricity, ability 
to work at low temperatures and less energy requirements for mixing (Liu, 2004; Rabaey & 
Verstraete, 2005). The low current and power yields at present from the MFCs have been 
identified as limiting factors for their practical use (Ishii et al., 2008; Pant et al., 2010). It is 
expected that with improvements in technology and knowledge about these unique systems, 
the power and current outputs from these systems will increase tremendously. 
In MFCs, the anaerobic oxidation of organic material is known as electrogenesis and 
is carried out by a specific group of bacteria known as electrogenic bacteria (anodophiles) 
(Larrosa-Guerrero et al., 2010). Although, compared with micro-organisms involved in 
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anaerobic digestion, less is known about these electrogenic bacteria, low pH has been found 
to inhibit the electro-activity of some bacteria and performance of a MFC has been found to 
be impaired at relatively low pH (Behera & Ghangrekar, 2009; He et al., 2008). Other 
researchers have found that slightly acidic anodic conditions enhanced MFC power output 
(Raghavulu et al., 2009). Past experience in running MFCs has indicated that VFAs such as 
acetate (Rabaey et al., 2005; Weld & Singh, 2011), propionate (Bond & Lovley, 2005) and 
butyrate (Liu et al., 2005) are well suited as carbon sources for current generation. 
Previously MFCs have been combined with the AD successfully to achieve higher 
wastewater treatment levels (Zhang et al., 2009). MFC has been successfully submerged in an 
anaerobic digester to increase the treatment levels (Min & Angelidaki, 2008). An 
aerobic/MFC hybrid system has been explored during which a MFC was submerged in an 
aerobic wastewater treatment tank (Cha et al., 2010). Thus, previous studies have provided 
practical methods for combining MFCs in hybrid systems. The main focus of the studies done 
on combining these two technologies was on increasing the treatment efficiency. In a recent 
study, the possibility of engineering a parallel pathway into the microbial wastewater 
treatment system was explored, providing an additional parallel pathway for substrate 
consumption (Weld & Singh, 2011). The focus of this study was to find out if combining 
TAD with MFC was feasible and whether it would produce a hybrid system more stable to pH 
fluctuation than either system operating alone. Although the hybrid system had greater 
resilience to pH fluctuation than the MFC, it was not more resilient than the digester operating 
alone, possibly because there was a mismatch between the output of the TAD and the MFC. 
In the current study, a more balanced system was produced. In this work, more moderate dose 
of acetic acid was used compared with high dose of acetic acid used previously, to mimic the 
pH fluctuations observed while applying high lipid loads. 
The hypothesis is that combining MFCs with TADs would increase process stability of 
the digester when confronted with pH fluctuations such as those that occur during high lipid 
loads. The hypothesis being tested was derived from the general expectation that complex, 
multi-step processes are generally more robust when they occur through more parallel and 
interconnected pathways rather than through serial processing (Johnson, 1996). This 
generalization appears to hold true even for diversity rich microbial systems (Girvan et al., 
2005). Redundancy in pathways as well as redundancy in species may provide stability in 
microbial systems (Cook et al., 2006). A positive correlation has been found in parallel 
substrate processing and functional stability of microbial communities in anaerobic digesters 
in response to substrate perturbation (Hashsham et al., 2000). The proposed hybrid system 
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would have at least one major additional parallel processing pathway not available to an 
anaerobic digester operating alone. The addition of a MFC to a TAD should provide an 
additional route for the removal of VFAs, accumulation of which inhibits functionally 
inflexible methanogens which are considered as keystone species driving anaerobic digestion 
(Briones & Raskin, 2003). In other words, a TAD that is perturbed by any change that inhibits 
methanogenesis should be more stable if alternate pathways (e.g. electrogenic bacteria in 
MFC) are available for processing substrates. Primarily “engineering resilience” (Peterson et 
al., 1998) i.e. the rate at which the system returns back to its original condition following a 
perturbation was measured. The TAD/MFC hybrid system was perturbed by the addition of 
acetic acid to a level which drove pH in the system to levels which are inhibitory to the 
methanogens in anaerobic digesters. The rate at which the pH normalized was measured. 
 
5.2 Methods and materials 
5.2.1 Anaerobic digester and MFC construction 
The anaerobic digester design was similar to that described in Chapter 2, section 2.2.1 
with some modifications. The digester contents were mixed by pumping its contents from the 
bottom of the digester through an external pipe coiled around the digester and back into the 
top of the digester. Separate plumbing connected the two MFCs in series to the external pipe 
so that the digester sludge could be circulated either through both the digester and the MFCs 
(hybrid mode) or just through the digester, bypassing the MFCs (solo mode) (Figure 5.2). 
The MFCs were constructed as 14 cm long, 10 cm diameter, tubes of CMI-7000 
Ultrex cation exchange membrane (Membranes International, NJ, USA) wrapped around an 
open stainless steel frame. The MFC anode was a 330 cm
2
 sheet of carbon fibre cloth attached 
to the inside of the Ultrex membrane by a bead of silicon around the edge of cloth with 
electricity conducted from the anode to the outside electrical circuit through stainless steel 
bolts. The air cathode was made of Vulcan loaded with 10% platinum (BASF fuel Cell Inc., 
Somerset, NJ, USA), mixed with water and spread as a thin paste layer (at approximately 0.08 
mg Pt per cm
2
) covering 380 cm
2
 of the outside surface of the Ultrex; this was then covered 
with a thicker, approximately 2 mm, layer of Vulcan paste and then a carbon fibre cloth and 
finally wrapped in three layers of polyethylene film. Biogas from the digester and from the 
MFC was collected separately over water in a floating gas collector. 
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5.2.2 Operating conditions 
The anaerobic digester contained 3-4 L of sludge in the vessel and 1 L in the circulated 
pipe and each MFC contained 1 L. The digester was inoculated and fed with a mixture of 
primary and secondary sludge from the CWWTP, Bromley. The digester was fed 1.2 L of 
sludge once a week which was thoroughly mixed through both the digester and the MFCs. 
The digester contents were maintained at a constant temperature of 55 ± 2
o
C by thermostat 
control. The MFCs were unheated but were maintained in a temperature range from 25 – 35oC 
by pumping sludge from the heated digester through the MFCs for 1min every 10 min when 
the MFC were operated in “hybrid mode”. When the MFCs and the digester were operated in 
“solo mode” (disconnected from each other with separate sludge circulation), the MFCs were 
heated by circulating the MFCs sludge through a 55
o
C water bath every 10 min for 1 min. The 
experimental setup is shown in Figure 5.2. The MFCs temperature during both solo and 
hybrid mode was measured by inserting a temperature probe through a hole into the pipe 
circulating sludge from the MFCs back to the digester. The anode and cathode of both the 
MFCs were connected through a 4.7 Ω external resistance. To measure the productivity of the 
hybrid system digester and MFCs were run in hybrid mode and then in solo mode. Once the 
stable conditions in terms of pH and power output were achieved the hybrid system was given 
acid shock by mixing 12 ml of acetic acid into the feed sludge to cause process instability. 
Process stability in terms of system resilience was measured by measuring the time taken in 
recovering the pH to normal conditions in hybrid as well as in solo conditions. 
 
5.2.3 Community analysis 
In order to identify bacteria that grew specifically on the MFCs, Single Strand 
Conformation Polymorphism (SSCP) community profiles of the MFCs and digester effluent 
were compared. Samples for analysis were scraped off the anode after the MFCs had been 
emptied and rinsed with sterile distilled water to remove unattached bacteria. DNA for the 
microbial population profiling was extracted by the boiling SDS lysis method (Jeffrey et al., 
1994) with an additional precipitation clean-up step with ammonium acetate prior to DNA 
precipitation with ethanol and sodium acetate. Microbial population profiling was carried out 
following an SSCP protocol previously described, using the universal PCR primers U341If 
and U806Ir (Hori et al., 2006). 
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Figure 5.2 Experimental setup for AD and MFCs (A) AD and MFCs operating in 
hybrid mode; (B) AD and MFCs operating in solo mode. 
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5.3 Results and discussion 
5.3.1 MFC and digester performance 
The pH of the hybrid system reached between 6.8-7.2 within three weeks after start-up 
without the addition of any base. The maximum daily gas production measured from the 
digester operating under hybrid mode was 1.9 L with methane content of 73.6% (1.4 L of 
methane per day), whereas when operating under solo mode, a maximum 1.5 L of gas was 
produced with 68.5 % methane content (1 L of methane per day). 
The MFCs maintained a sustainable current of 50-53 mA when operated under hybrid 
mode through 4.7 Ω external resistance, electrically connecting the anode to the cathode. A 
current of 42-46 mA through 4.7 Ω resistance was produced when operating under solo mode. 
Maximum power density was calculated by varying the resistance in the external circuit 
connecting the anode and the cathode. The current was measured through the resistor after 
allowing 4-5 min for the voltage to settle to a constant level (Figure 5.3). The maximum 
power density measured was 0.14 W/m
2
 at an external resistance of 15.4 Ω. 
 
 
Figure 5.3 Polarization curve for the hybrid MFC, 
a
 power density is in watts per 
m
2
 projected area of the anode surface. 
Eight moles of electrons transferred by the MFC are thought to be equivalent to one 
mole of biologically produced methane (Ishii et al., 2008). The combined output from the 
MFCs by that calculation was equivalent to approximately 140 ml of methane produced by 
the anaerobic digester per day, equivalent to 10% of the digester output. A comparison of 
energy output in terms of methane produced (mls/day) has been made when the system 
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components were operated under hybrid mode and under solo mode. Current from the MFCs 
was converted to its methane equivalent and then added to the methane produced from the 
digester. A higher methane output was observed from the hybrid system which could be due 
to the presence of diverse functional groups in the hybrid system (Figure 5.4). In the hybrid 
system, the MFCs output was approximately 10 times less than the TAD. When both the 
components operated under hybrid mode, the total sludge volume available to the digester 
was 50% more than in solo mode which produced more output. To compare the efficiency of 
the hybrid system operating under hybrid mode and solo mode, more robustly, the volumes of 
MFCs and TAD must be properly matched. The output from the hybrid system was found to 
be significantly greater than the system operating in solo mode. The calculated F value 
(120.63) was much higher than the corresponding table F value (2.97) based on the 
significance level and degrees of freedom giving the probability value of almost zero 
 (P = 6.4E-10). The statistical analysis was performed using one way ANOVA. The ANOVA 
tables for the statistical analysis are listed in Appendix A. 
 
 
Figure 5.4 Comparison of the productivity from the hybrid system when 
operated in hybird mode and solo mode. MFC output was converted into 
methane equivalent and added to the digester methane output.  
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5.3.2 MFC microbial populations 
PCR-SSCP based microbial analysis was performed on the samples scraped from the 
MFCs anode and from the digester effluent to find out the bacterial populations that 
specifically grow in the MFCs. Three unique sequences were found to be present in the MFCs 
SSCP profile and not in the digester SSCP profile, suggesting that these came from bacteria 
specifically selected by the MFCs. DNA was extracted from the unique SSCP bands, re-
amplified, sequenced and identified by BLAST comparison to the NCBI GenBank nucleotide 
collection. 
The unique sequences were identified as belonging to members of the phyla 
Chloroflexi closely matching with Caldilinea aerophila (AB067647, 83% similarity), the 
Firmicutes, closest match with Dehalobacter restrictus (U84497, 88% similarity) and the 
Bacteroidetes closely matched with Prolixibacter bellariivorans (AY918928, 86% similarity). 
Previously done studies on the anode bacterial communities have shown that the Firmicutes, 
Chloroflexi and Bacteroidetes bacteria grow specifically on MFC anodes (Ishii et al., 2008; 
Patil et al., 2009; Weld & Singh, 2011). 
 
5.3.3 pH stability 
When operated under normal conditions the pH of the hybrid system remained 
between 7.2-7.4. It was postulated that the hybrid system would be more stable than either the 
MFCs or the anaerobic digester operating under solo conditions. To test that, the system was 
fed with fresh sludge mixed with 12 ml of acetic acid and then was left unfed for the 
remainder of the experiment. This was done in four separate experiments using the same 
system. In two of the experiments the digester and MFCs were operated under hybrid mode 
and in the other two experiments the digester and MFCs were operated under solo mode. 
The fatty acid profile of the effluent from a hybrid mode experiment (Table 5.1, A) 
and a solo mode experiment (Table 5.1, B and C) were analysed.  Fatty acids analysis was 
performed once before the acid shock on hybrid system and was not performed before giving 
acid shock in solo mode as the pH levels and methane output levels reached to the  
pre- existing levels. As expected, the acetic acid concentration spiked immediately after the 
acetic acid dose and then steadily declined over the course of experiments. This decline in 
acetate coincided with a steady increase in the concentrations of butyric and iso-butyric acid. 
The acetic acid was effectively metabolized when the system was operated under the hybrid 
mode compared to when the individual components were operated under solo mode. After an 
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initial increase in the concentration of propionic acid, it decreased with time when the system 
was operated under hybrid mode; whereas it remained constant when the digester was 
operated under solo mode and increased in MFC when operated in solo mode. Valeric acid 
was not detected in the anaerobic digester under either operating conditions but was 
immediately detected in the MFC after the acid dose. The reason for the detection of valeric 
acid in the solo mode operation of MFC is unknown. 
 
 
Figure 5.5 Effect of acetic acid shock on pH stability of hybrid system, digester in 
solo mode and MFCs in solo mode.  
Within a few hours of introduction of acetic acid to the system, the pH decline 
abruptly from 7.4 to 5.8 (Figure 5.5). Resilience, taken as the time for the pH to recover above 
pH 6.8 was used as a measure of system stability. In both the experiments when the system 
was operated under hybrid mode the pH recovered back quickly compared with the digester 
and MFCs operating individually. The hybrid system recovered significantly quicker 
compared with TAD and MFC operating alone under solo mode. The calculated F value 
(85.44) was much higher than the corresponding table F value (2.80) based on the 
significance level and degrees of freedom giving the probability value of almost zero  
(P = 8E-08). The statistical analysis was performed using one way ANOVA. The ANOVA 
tables for the statistical analysis are listed in Appendix A. This result suggests that the hybrid 
is likely to have greater resilience compared to the digester and MFCs operating in solo 
conditions. 
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Table 5.1 Fatty acid profile of effluent from the hybrid system, TAD and MFCs 
 Acetic Propionic Butyric Iso-Butyric Valeric Iso-valeric 
A. Hybrid mode       
Before acid dose
a
 519 897 23 12 0 0 
After acid dose
b
 4584 1345 34 29 0 16 
2 4316 965 38 16 0 10 
4 2108 781 43 33 0 0 
6 976 560 58 48 0 18 
9 719 567 84 35 0 11 
11 723 673 115 56 0 0 
14 692 524 123 42 0 0 
B. TAD solo mode       
After acid dose 5367 1026 48 18 0 0 
2 5159 948 62 22 0 9 
4 4365 1156 96 26 0 11 
6 2165 948 94 54 0 14 
9 1323 1068 105 76 0 16 
11 1048 1124 135 65 0 19 
14 891 1161 141 68 0 12 
C. MFCs solo mode       
After acid dose 5367 1026 48 18 0 0 
2 5639 843 32 11 0 19 
4 4365 928 76 13 8 23 
6 2965 979 84 24 11 24 
9 2679 985 93 29 16 29 
11 1876 1031 116 35 19 32 
14 1689 1284 122 37 18 26 
Fatty acid samples: 
a
sample taken prior to acid dose; 
b
sample taken immediately after 
acid dose; numbers representing the days on which samples were taken. A-samples 
taken from the hybrid system, B-samples taken from TAD operated under solo 
conditions, C-samples taken from MFCs operated under solo conditions. VFAs 
concentration is presented in mg/L. 
While the hybrid system recovered after the acid shock, the MFCs when operated in 
solo mode could not recover back to their original conditions within the timeframe of the 
experiment and were fed with fresh sludge to allow them to recover. Comparing the solo 
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mode operation of TAD and MFCs, TAD recovered faster than the MFCs operating alone. 
The MFCs were more severely affected by the acetic acid shock, than the TAD. However, 
other stresses might be expected to affect the digester performance relatively more severely 
than the MFCs. The numbers of experimental repeats was limited to two due to availability of 
time; however, the two independent repeats gave consistent results. 
 
5.3.4 Energy output 
The disturbance caused by the addition of acetic acid affected the power output from 
the MFCs and the methane output from the digester (Figures 5.6 and 5.7). The pH dropped to 
levels (pH-5.8) inhibitory to the methanogens in the digesters and electrogenic bacteria in the 
MFCs. The MFCs when operated in hybrid mode recovered significantly quicker than the 
MFCs operated in solo mode. The calculated F value (4864.75) was much higher than the 
corresponding table F value (3.45) based on the significance level and degrees of freedom 
giving the probability value of almost zero (P = 2E-12). The statistical analysis was 
performed using one way ANOVA. The ANOVA tables for the statistical analysis are listed 
in Appendix A.  
 
 
 
Figure 5.6 Effect of acid dose on MFCs output. Data shown is the combined 
current output from the two MFCs after acid dose operating under hybrid mode  
and solo mode. 
Figure 5.7 shows the relative energy output from the two components of the hybrid 
system when operated under hybrid mode and solo mode. The methane production from the 
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digester dropped to a minimum on day 1 and day 2 under hybrid and solo mode respectively, 
after the acid shock. The methane output from the digester recovered back with the rise in pH 
when the system was operated in hybrid mode. The recovery in methane output from the 
digester after acid shock was slower, when the digester was operated under solo mode. The 
drop in methane output, under both operating conditions, towards the end of the experiments 
from the digester could be due to the depletion in substrate. 
 
 
A. TAD and MFCs operating in hybrid mode 
 
B. TAD and MFCs operating in solo mode 
Figure 5.7 Relative energy output from MFCs and TAD operating in hybrid 
mode and in solo mode. MFCs current (black bars) is relative to the maximum 
current output. 52.53 mA in hybrid mode and 46.55 mA in solo mode. Methane 
output from the digester (grey bars) is relative to maximum methane output; 1.4 
L/day under hybrid mode and 1 L/day under solo mode. 
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5.4 Conclusions 
The feasibility of increasing the digester process stability by providing a parallel 
pathway for substrate consumption was investigated in this study. The parallel pathway was 
provided by combining MFCs with the TAD. The process stability of the system was 
measured as the rate at which the pH of the system normalised following an acetic acid shock. 
The results indicated that it is feasible to combine the two components i.e. anaerobic 
digesters and MFCs for waste treatment. Neither component impaired the functioning of the 
other component. The hybrid system was found to be more resilient to acetic acid shock than 
either the digester or the MFCs operating alone. The methane output from the digester 
dropped down to lower levels after the acid shock. However, the methane production 
recovered more quickly when the system was operated under hybrid mode than the digester 
operating alone. The cause of the delayed response of the MFCs to acid shock compared to 
the response of the digester is uncertain. Due to time availability only acetic acid shock was 
used as means to cause process instability. It is assumed that the system would behave in a 
similar way after giving the lipid shock to the system, yet it needs to be tested. 
Further work needs to be done comparing the efficiencies of both the systems when 
subjected to different stresses. Also, the performance of the hybrid system might be increased 
if there was a better match between the outputs of the MFCs and the digester. Compared to 
anaerobic digestion technology, MFC technology is still in its infancy and needs a lot of 
research to increase power outputs. With advancements in MFC designs and increased power 
outputs, combining these two components for waste water treatment is beneficial to enhance 
process stability.  
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     Chapter 6 
General Discussion 
In recent years, thermophilic anaerobic digestion process has become an attractive 
technology not only for sewage sludge treatment, but also for generation of renewable energy 
in the form of biogas. In CWWTP at Bromley, two new TADs have been built. Due to recent 
changes in waste disposal regulations for waste from hotels, restaurants and fast food outlets, 
it is anticipated that the treatment plant will receive fluctuating loads of lipids in the waste 
inflow. TADs appear to be more sensitive to environmental or feed fluctuations (vanLier, 
1996) and formation of thermophilic granular sludge is much more difficult than in the 
mesophilic equivalent (Schmidt & Ahring, 1995). Also, the diversity of thermophilic micro-
organisms is found to be lower compared with mesophilic micro-organisms (Kobayashi et al., 
2008; Sekiguchi et al., 1998; Wagner et al., 2002; Wilson et al., 2008). Therefore, full scale 
thermophilic anaerobic digestion processes are not in routine operation and staff at the 
CWWTP, Bromley are concerned about the process stability of the newly built TADs. 
The current study has successfully tested the application of ecological theories to 
engineer TADs to increase the process stability of the digesters especially when they are 
subjected to sudden feed fluctuations. In previous studies, diversity-stability theories have 
been tested on “macro-organism” communities in grassland, forest and marine ecosystems, 
suggesting that increasing the diversity of an ecosystem makes it more resilient towards 
environmental fluctuations (Campbell et al., 2011; Cardinale et al., 2002). It has been 
proposed that these ecological ideas can also be applied to microbial ecosystems (Bell et al., 
2005; Briones & Raskin, 2003; Narihiro & Sekiguchi, 2007; Rittmann et al., 2006), but there 
is no evidence in the literature about the application of diversity-stability theories in microbial 
systems like anaerobic digesters. This is the first study of its kind in which diversity-stability 
ecological theories were applied to increase the process stability of TADs. 
Previous studies have focussed on microbial community composition and dynamics in 
anaerobic digesters (Casserly & Erijman, 2003; Griffin et al., 1998; LaPara et al., 2002; 
Sekiguchi et al., 1998) and a direct relationship has been established between microbial 
composition and digester performance. However, there is little information in the literature 
about the type of micro-organisms responsible for carrying out thermophilic anaerobic 
digestion. Knowledge of active micro-organisms in TADs is necessary for specifying suitable 
start-up strategies to shorten start-up periods and prevent digester failures. Raw sewage sludge 
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mainly contains mesophilic micro-organisms whereas the diversity of thermophilic micro-
organisms is relatively low (Ahring et al., 2002; Chen, 1983; Wilson et al., 2008). In a batch 
study, conducted on thermophilic anaerobic digestion of cattle manure it has been found that 
thermophilic micro-organisms which were present in the raw sludge at sub-dominant levels 
become dominant when subjected to suitable growth conditions (Chackhiani et al., 2004). 
However, it is still unclear which micro-organisms are active in TADs fed continuously with 
raw sewage sludge. 
Identifying the dominant, active micro-organisms in TADs is not a straightforward 
process. In the current study, identification of active dominant micro-organisms in TADs was 
carried out using the following techniques, Micredox, FDA, gas production, cell growth and 
molecular analysis based on rRNA. However, all techniques have limitations but the 
Micredox and FDA technique have particular limitations in this study as they are not designed 
to measure the activity of anaerobic micro-organisms in sewage sludge samples. Finally 
comparison was made based on the molecular analysis of 16S rRNA and 16S rRNA gene 
from the digester effluent and raw sludge samples. Whereas rDNA only reflects the presence 
of micro-organisms, the amount of rRNA per cell is roughly proportional to metabolic activity 
(Delbes et al., 2001; Wagner, 1994). Comparing the microbial population profiles based on 
16S rRNA gene and 16S rRNA from raw sludge and digester effluent samples using PCR-
SSCP, suggested that most of the DNA in the digester effluent was coming from active micro-
organisms. The results from this study suggest that mesophilic micro-organisms, whose 
diversity is believed to be particularly high in the sewage sludge, retain some of their activity 
when fed to the TADs. However, with time the thermophilic micro-organisms, which are 
present at subdominant levels in the sewage sludge, grow and eventually become established 
in the TADs. These results are in accordance with previous finding (Chackhiani et al., 2004), 
where it was found that thermophilic micro-organisms which were present at sub-dominant 
levels in cattle manure became active when subjected to optimal growth conditions. 
To address the concerns of the CWWTP Bromley staff about the effect of lipids 
fluctuations in the waste stream on process stability of newly built TADs, experiments were 
conducted in the bench top digesters to find the optimum volume of lipids which could be 
digested with sewage sludge without compromising the process stability of the digesters. In 
the current study the effect of lipid loads on pH and methane output was measured as 
indicators of process stability. 
Previously, studies have conducted on co-digesting different types of lipid containing 
wastes with sewage sludge at mesophilic and thermophilic temperatures (Choorit & 
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Wisarnwan, 2007; Davidsson et al., 2008; Luostarinen et al., 2009; Martin-Gonzalez et al., 
2011; Neves et al., 2009). The focus of these previous studies was to check the effect of 
temperature on degradability of the lipids when co-digested with other wastes. No study had 
addressed the effect of sudden lipid shock with input sludge on the process stability of TADs. 
Thermophilic anaerobic digestion of municipal sewage sludge with sudden lipid shock 
was successfully performed in the bench top digesters. The results from the current study 
suggested that newly built TADs at CWWTP Bromley, can be operated successfully by 
giving low volumes of lipids (15%) without causing any serious process instabilities. Whereas 
with higher volumes of lipids (25%) the digester operation can still proceed in a stable manner 
but requires frequent monitoring so as to avoid accumulation of VFAs. It is also proposed that 
if more frequent lipid shocks of 25% are given to the digester, then the digester microbial 
populations may acclimatise to the substrate fluctuations and hence digesters can degrade the 
higher lipid loads more effectively as found in one previous study (Silvestre et al., 2011). 
Increasing lipid loads to 35% was shown to cause the pH drop to lower levels, inhibiting 
methane production in the digesters. While there were problems of successfully mixing such a 
high concentration of lipids with sludge and the actual percentage of lipid that influenced the 
micro-organisms might have been less than 35%. Therefore, whatever be the concentration of 
lipids, the effect was clearly undesirable and the upper limit for lipids for the TADs should be 
25%. 
To increase the microbial diversity in TADs, four techniques were investigated in the 
present study; using inocula from a range of different environments, changing mixing 
methods, use of support media for micro-organisms to attach and grow in the digesters and 
addition of different groups of micro-organisms by combining microbial fuel cells with 
thermophilic anaerobic digesters. No increase in diversity of dominant microbial groups was 
observed from samples receiving inocula from a range of environments. Only the sewage 
sludge micro-organisms dominated the test and control samples suggesting that the sewage 
sludge micro-organisms were the most competitive micro-organisms under the tested 
conditions. Other possible reasons for this apparent lack of increase in diversity could be 
biases associated with the DNA extraction technique, DNA amplification by PCR or SSCP. 
Insufficient or preferential disruption of cells could bias the view of the diversity as DNA, 
which is not released from the cells would not contribute to the final analysis of the diversity 
(Leclerc et al., 2004; Von Wintzingerode et al., 1997). However, in this study, several DNA 
extraction techniques were tested to find the most effective method and limit this bias. 
Presence of humic substances and loss of DNA during purification may inhibit PCR 
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amplification. There is some evidence that PCR does not amplify all rDNA sequences to the 
same extent (Hofman-Bang et al., 2003). Furthermore, SSCP, as do all other PCR based 
techniques, provides information only about the dominant micro-organisms in a given 
samples and thus the estimation of micro-organisms present in low numbers and dormant 
micro-organisms could be underestimated (Delbes et al., 2001). 
The second approach used to increase microbial diversity in TADs was using different 
methods of mixing digester contents. While mixing might be expected to improve digestion 
process by efficiently distributing enzymes and micro-organisms through the digesters, 
reducing the vigour of mixing has previously been shown to improve digester performance 
and helped to stabilize the digesters (Kaparaju et al., 2008; Karim et al., 2005a; Karim et al., 
2005b; McMahon et al., 2001; Stroot et al., 2001). Most of the previous studies were focussed 
on mesophilic anaerobic digesters and there are very few which focus on TADs and they were 
limited to examining the effect of mixing on methane production (Kaparaju et al., 2008). 
Previous studies on microbial community analysis have shown that mixing disturbs the 
syntrophic associations among the syntrophic bacteria and methanogens (McMahon et al., 
2001). There is no information available in the literature about the effect of mixing on the 
dominant micro-organisms in TADs continuously fed municipal sewage sludge. 
The results from the current study suggested that changing the method of mixing from 
mechanical stirrer to sludge re-circulation helped in the proliferation of thermophilic micro-
organisms in the digesters. Also, higher microbial diversity was observed in the digesters 
using sludge re-circulation mixing method. When the mixing method was changed back from 
sludge re-circulation to mechanical stirrer, the microbial diversity decreased and mesophilic 
micro-organisms became the dominant microbial populations in the digesters. Thermophilic 
anaerobic digestion process is considered to be optimal when carried out by true thermophilic 
micro-organisms (Ahring, 1994; Ahring et al., 2002; Suwannoppadol et al., 2011). Thus the 
results from this study on the method of mixing can be used as an operational strategy for the 
proliferation of true thermophilic micro-organisms in the TADs which may help to shorten 
the digester start-up periods. The methane produced from the digesters under the sludge re-
circulation method was found to be higher than the mechanical stirrer digesters. The improved 
performance of digesters using sludge re-circulation mixing method could be the result of the 
formation of close syntrophic associations between micro-organisms and due to increased 
microbial diversity. 
Another approach adopted in this study to increase the microbial diversity in the 
TADs was using support media in the digesters. It was expected that the use of support media 
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in the digesters would facilitate the growth of benthic micro-organisms, allow the retention of 
slower growing species and provide an undisturbed platform for microbial consortia that 
depend on syntrophic interactions. The focus of previous studies on the use of support 
mediums in the digesters was to check the feasibility of different support mediums (Chauhan 
& Ogram, 2005; Sasaki et al., 2009). A high stable methane output was observed when rice 
straw was used as a support medium for the micro-organisms in a mesophilic anaerobic 
digester (Andersson & Bjornsson, 2002). Stable methane output was also observed from 
TADs at higher loading rates using carbon fibre textiles (Sasaki et al., 2009). However, there 
is limited information about the effect of using carbon fibre cloths (CFCs) on microbial 
diversity in TADs simulating actual municipal digester operating conditions. 
In the current study, the use of CFCs in the TADs helped the digesters to recover 
faster from the acid and lipid shock as revealed by the pH and methane recovery. Microbial 
analysis performed on the adhering fraction of CFCs and suspended fraction proved that 
CFCs acted as a separate niche in the TADs, thus increasing the microbial diversity of 
dominant groups and biomass in the digesters. The presence of acetoclastic and 
hydrogenotrophic methanogens Methanosarcina thermophila and Methanothermobacter 
thermoautotrophicus, respectively, on the CFCs suggested that their dominance on the CFCs 
helped in quick recovery of the digesters after the acid and lipid shock by preventing the 
accumulation of intermediate products such as VFAs and H2. These results suggested that the 
microbial diversity of dominant groups in the TADs can be increased by using support 
mediums such as CFCs in the digesters which would help to enhance the digester process 
stability. These results are in accordance with the previous study on carbon fibre cloths 
carried out under more controlled conditions with continuous maintenance of stable pH with 
NaOH supplementation (Sasaki et al., 2009). 
In another attempt to increase the microbial diversity, thermophilic anaerobic digesters 
were combined with microbial fuel cells. It was hypothesised that combining MFCs with 
TADs would provide an additional parallel pathway for substrate consumption which is not 
available to TADs operating alone. MFCs carry out anaerobic respiration by a group of 
anaerobic micro-organisms, not available to TADs. This group of micro-organisms known as 
anodophiles grow specifically on the anode electrode of MFCs. Previously, MFCs have been 
successfully combined with other wastewater treatment technologies to enhance the treatment 
efficiency rather than process efficiency (Cha et al., 2010; Min & Angelidaki, 2008; Zhang et 
al., 2009). The current study is the first in which MFCs were combined with TADs to develop 
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a hybrid system. The hybrid system was proposed to have increased process stability and 
productivity. 
The hybrid system was given a pH shock by supplementing the input sludge with 
acetic acid. The hybrid system was found to be more resilient towards acid shock than either 
the digester or the MFCs operating alone. The hybrid system recovered from the perturbation 
at a faster rate than the individual components operated under solo conditions. The results 
suggested that providing a parallel pathway for substrate consumption can be used as an 
operational strategy for increasing the process stability and productivity of TADs, especially 
when they are subjected to sudden feed or environmental fluctuations. Although the MFC 
technology is still in the developmental phase, once higher power outputs from the MFCs 
become achievable, combining both these components will help to increase their process 
efficiencies and renewable energy production from waste. 
This investigation has shown for the first time that ecological diversity-stability 
theories can be successfully applied to increase the process stability and productivity of 
TADs. This research also contributed to knowledge about the effect of increasing microbial 
diversity on process stability and productivity of TADs which was previously poorly 
understood. Due to limitations of the PCR based molecular techniques used, total microbial 
diversity could not be observed. However, an increase in microbial diversity of dominant 
groups was observed when mixing method was changed and carbon fibre cloths were used in 
the digesters. The idea of providing parallel pathways by combining microbial fuel cells with 
digesters proved to be promising as the hybrid system recovered at a faster rate following 
perturbations. Overall, the results suggested that the diversity-stability theories could be 
applied to microbial systems like anaerobic digesters to increase the process stability of 
anaerobic digesters.  
This study was limited to laboratory scale experiments. The first and most challenging 
task is to take the results of present study and to apply them at large scale TADs. To increase 
the process stability of TADs especially when subjected to environmental or operational 
fluctuations, changes to digester designs could be made to increase microbial diversity in 
anaerobic digesters. It must be emphasized that the molecular techniques used to measure 
microbial diversity and microbial population dynamics in TADs in the current study were 
limited to measuring the diversity of only dominant micro-organisms. Future work is needed 
to measure the diversity of rare microbial groups so that more robust digester designs can be 
made to increase the microbial diversity of both rare and dominant micro-organisms in the 
digesters. 
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     Chapter 7 
Conclusions 
The following conclusions can be drawn from the present experimental work using laboratory 
scale anaerobic digesters: 
 
1. A quick start-up of thermophilic anaerobic digesters can be successfully carried out by 
using a combination of primary and secondary sewage sludge. Stable methane output 
can be achieved within two months after digester start-up. 
2. All the micro-organisms required to carry out the thermophilic anaerobic digestion 
process are present in municipal sewage sludge. Mesophilic micro-organisms which 
are thought to dominate the raw sludge retain their activity in thermophilic anaerobic 
digesters. With time thermophilic micro-organisms become the dominant micro-
organisms in the digesters and carry out the digestion process. Although careful 
monitoring is required to avoid accumulation of intermediate products such as VFAs 
and H2 during the start-up period. 
3. Thermophilic anaerobic digestion of municipal sewage sludge with intermittent input 
of lipids can successfully be carried out if the lipid input is kept at lower volumes. A 
lower volume of lipid input (15% volume of input sludge) enhances methane 
production and no severe inhibition of methanogenesis was observed. Whereas, with 
higher volume of lipids (25%) the digester operation can still proceed in stable manner 
but requires frequent monitoring so as to avoid accumulation of VFAs. Higher volume 
of lipids (35%) can cause severe inhibition of methanogenesis, requiring long recovery 
times which may not be practical for large scale digester operations. 
4. The ecological theories can be applied to engineer digester design. Increasing the 
microbial diversity of TADs can increase the digester process stability and 
productivity. 
5. Engineering new digester designs by providing a support medium in TADs can help to 
increase microbial diversity in the digesters which further helps the digesters to 
maintain process stability. In the events of environmental or feed fluctuations the 
increased microbial diversity can help the digester to recover faster after the 
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disturbances. Thus long start-up periods and recovery times after disturbances of 
thermophilic anaerobic digesters can be reduced by using support medium in the 
digesters. The digesters using CFCs as support mediums recovered faster after the 
acetic acid and lipids shock than the digester without CFCs. 
6. The method of mixing of digester contents plays an important role in digester 
operation. The dominant micro-organisms were found to be closely related to 
thermophilic micro-organisms in the digesters using sludge re-circulation for mixing, 
whereas, the dominant micro-organisms in mechanically stirred digesters were found 
to be closely associated with mesophilic micro-organisms. The sludge re-circulation 
method of mixing helped in the proliferation of true thermophilic micro-organisms in 
the TADs. 
7. It is feasible to attach microbial fuel cells to thermophilic anaerobic digesters. The 
hybrid system provides greater resistance to environmental or feed fluctuations and 
hence increases the efficiency and productivity of the hybrid system. In this study, the 
hybrid system was found to be more resilient to acetic acid shock than either the 
digester or the MFC operating alone. 
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Appendix-A 
ANOVA Tables 
A.1 ANOVA table for data shown in figure 3.1 
Figure 3.1 data 
Average Data 
                    
Days 
15% 
lipids 
25% 
lipids 
35% 
lipids             
10 7.17 6.62 5.745             
11 7.055 6.54 5.63             
12 7.14 6.655 5.715             
13 6.95 6.65 5.63             
14 7.175 6.755 5.645             
                    
No of treatments 
I 3     Total N           
n 5 5 5 15           
        
Global 
Mean           
Mean 7.098 6.644 5.673 6.472           
Variance 0.009 0.005 0.0029     Significance Level 0.1   
                    
Source of 
variation       
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 1.9 0.15 3.19 5. 3 2 2.64965 442 2.8068 6E-12 
Error 0.04 0.02 0.01 0.07 12 0.00599       
          
 
        
Total       5.37123 14 
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A.2 ANOVA table for data shown in figure 3.2 
 
Figure 3.2 data 
Average Data 
                    
Days 
15% 
lipids 
25% 
lipids 
35% 
lipids             
10 3.2051 3.15 0.503             
11 3.1975 2.88 0.466             
12 2.976 2.89 0.53             
13 2.615 2.65 0.611             
14 2.645 2.545 0.55             
                    
No of 
treatments I 3     Total N           
n 5 5 5 15           
        
Global 
Mean           
Mean 2.92 2.823 0.532 2.09421           
Variance 0.08 0.05 0.003 
 
  
Significance 
Level 0.1   
                    
Source of 
variation       
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 3.47 2.65 12.2 18.33 2 9.1666 195 2.81 7E-10 
Error 0.32 0.22 0.012 0.563 12 0.0469       
  
     
        
Total 
   
18.89 14 
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A.3 ANOVA table for data shown in figure 4.7 
 
Figure 4.7 data 
Average Data 
                  
Days WCF WOCF 
 
          
11 6.62 5.745 
 
          
12 6.54 5.63 
 
          
13 6.655 5.715 
 
          
14 6.65 5.63 
 
          
15 6.755 5.645 
 
          
                  
No of 
treatments I 2   Total N 
 
        
n 5 5 10 
 
        
      
 Global 
Mean 
 
        
Mean 6.64 5.67 6.1585 
 
        
Variance 0.006 0.003 
  
  
Significance 
Level 0.1 
                  
Source of 
variation     
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 1.18 1.18 2.36 1 2.36 534 3.46 1.3E-08 
Error 0.02 0.01 0.04 8 0.004       
  
    
        
Total 
  
2.39 9 
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A.4 ANOVA table for data shown in figure 4.8 
 
Figure 4.8 data 
Average Data 
                  
Days WCF WOCF 
 
          
11 3.4 2.925 
 
          
12 3.175 2.825 
 
          
13 3.25 2.775 
 
          
14 3.125 2.925 
 
          
15 3.19 2.85 
 
          
                  
No of 
treatments I 2   Total N 
 
        
n 5 5 10 
 
        
      
 Global 
Mean 
 
        
Mean 3.228 2.86 3.044 
 
        
Variance 0.0112 0.004 
  
  
Significance 
Level 0.1 
                  
Source of 
variation     
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 0.17 0.17 0.34 1 0.3386 43.73 3.48 0.000167 
Error 0.05 0.02 0.06 8 0.0077       
  
    
        
Total 
  
0.40 9 
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A.5 ANOVA table for data shown in figure 4.9 
 
Figure 4.9 data 
Average Data 
                  
Days WCF WOCF 
 
          
11 6.985 6.565 
 
          
12 6.94 6.665 
 
          
13 6.96 6.79 
 
          
14 7.05 6.855 
 
          
15 7.045 6.885 
 
          
                  
No of 
treatments I 2   Total N 
 
        
n 5 5 10 
 
        
      
 Global 
Mean 
 
        
Mean 6.996 6.752 6.874 
 
        
Variance 0.0025 0.018 
  
  
Significance 
Level 0.1 
                  
Source of 
variation     
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 0.074 0.074 0.149 1 0.149 14.50 3.46 0.0052 
Error 0.001 0.072 0.082 8 0.010       
  
    
        
Total 
  
0.23099 9 
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A.6 ANOVA table for data shown in figure 4.10 
 
Figure 4.10 data 
Average Data 
                  
Days WCF WOCF 
 
          
11 2.025 1.505 
 
          
12 1.8 1.585 
 
          
13 1.895 1.745 
 
          
14 2.15 1.825 
 
          
15 2.27 2 
 
          
                  
No of 
treatments I 2   Total N 
 
        
n 5 5 10 
 
        
      
 Global 
Mean 
 
        
Mean 2.028 1.732 1.88 
 
        
Variance 0.0358 0.038 
  
  Significance Level 0.1 
                  
Source of 
variation     
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 0.1095 0.11 0.21904 1 0.219 5.9019 3.458 0.041243 
Error 0.1431 0.154 0.29691 8 0.0371       
  
    
        
Total 
  
0.51595 9 
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A.7 ANOVA table for data shown in figure 4.11 
 
Figure 4.11 data 
Average Data 
                  
Days 
With 
Increased 
biomass 
Without 
Increased 
biomass 
 
          
10 7.155 6.405 
 
          
11 7.09 6.505 
 
          
12 7.125 6.63 
 
          
13 7.205 6.665 
 
          
14 7.19 6.765 
 
          
                  
No of 
treatments I 2   Total N 
 
        
n 5 5 10 
 
        
      
 Global 
Mean 
 
        
Mean 7.153 6.594 6.8735 
 
        
Variance 0.0022 0.02 
  
  
Significance 
Level 0.1 
                  
Source of 
variation     
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 0.3906 0.391 0.7812 1 0.7812 70.978 3.458 3E-05 
Error 0.0088 0.079 0.08805 8 0.011       
  
    
        
Total 
  
0.86925 9 
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A.8 ANOVA table for data shown in figure 5.4 
 
Figure 5.4 data 
Average Data 
                  
Days 
 
Hybrid Solo           
1 1 1267.5 980           
4 2 1385 1025           
7 3 1282.5 1055           
10 4 1610 1015           
13 5 1437.5 1000           
17 6 1335 1110 
     20 7 1357.5 980 
     23 8 1307.5 990 
     26 9 1377.5 1008 
     30 10 1322.5 1075 
     35 11 1360 1055 
                       
No of 
treatments I 2   
 
Total N         
n 
 
11 11 22         
      
 Global 
Mean 
 
        
Mean 1367.5 1027 1197.05 
 
        
Variance 8817.5 1780 
  
  
Significance 
Level 0.1 
                  
Source of 
variation     
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 319602 3E+05 639205 1 639205 120.63 2.97 6.39E-10 
Error 88175 17803 105978 20 5298.9       
  
    
        
Total 
  
745183 21 
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A.9 ANOVA table for data shown in figure 5.5 
 
 
Figure 5.5 data 
Average Data 
                    
Days Hybrid TAD MFC             
11 7.22 6.56 5.945             
12 7.25 6.625 6.085             
13 7.215 6.705 6.185             
14 7.265 6.82 6.325             
15 7.285 6.835 6.405             
                    
No of 
treatments I 3     Total N           
n 5 5 5 15           
        
Global 
Mean           
Mean 7.25 6.709 6.189 6.715           
Variance 0.00088 0.0144 0.034 
 
  
Significance 
Level 0.1   
                    
Source of 
variation       
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 1.42 0.0002 1.383 2.79 2 1.40 85.45 2.8068 8E-08 
Error 0.004 0.0575 0.136 0.20 12 0.02       
  
     
        
Total 
   
2.3 14 
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A.10 ANOVA table for data shown in figure 5.6 
 
Figure 5.6 data 
Average Data 
                  
Days Hybrid Solo 
 
          
10 45.915 19.05 
 
          
11 45.84 19.49 
 
          
12 46.266 19.77 
 
          
13 46.468 19.46 
 
          
14 47.287 20.72 
 
          
                  
No of 
treatments I 2   Total N 
 
        
n 5 5 10 
 
        
      
Global 
Mean 
 
        
Mean 46.355 19.7 33.0266 
 
        
Variance 0.3371 0.393 
  
  
Significance 
Level 0.1 
                  
Source of 
variation     
Sum of 
Squares 
Degrees 
of 
freedom 
Mean 
Squares 
MS F 
F(I-1, 
N-1) Pr > F 
Factor 
A(Treatment) 888.27 888.3 1776.55 1 1776.5 4864.8 3.458 2E-12 
Error 1.3483 1.573 2.9215 8 0.3652       
  
    
        
Total 
  
1779.47 9 
 
      
 
 
